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Prologue 
“If memories are the bookmarks in your 
life story, how have your memories 
shaped you?”
at Art Gallery of Ontario, AGO, Toronto, CA 
I was  not  10  yet when  Science  struck my  life  ‐  and  the  life  of my  dearest  ones  ‐  like  a 
lightning bolt.  I  remember people mentioning words  like  cancer or Alzheimer, and  though  I 
could  not  comprehend  their  meaning,  I  felt  those  words  came  always  accompanied  by 
suffering and great loss. Puzzled but not dismayed, I became determined to put all my efforts 
and forward my interest in Science in search for answers. 
At school, I was particularly fond of biology and chemistry. I  loved being at the  laboratory 
doing all that make‐believe experiments that, most of the times, didn’t end up as they were 
supposed to. It was only when I joined college that I truly understand the meaning of Science. 
In  2003,  I  started  my  Microbiology  Degree  at  Escola  Superior  de  Biotecnologia,  of  the 
Universidade Católica Portuguesa. Here, I was given the chance to gain knowledge of different 
subjects such as microbiology, biochemistry, genetics, virology, among others. I was impressed 
by  the  complexity  of  each  theme. Most  importantly,  it was  a  fundamental  experience  that 
allowed me to get acquainted with varied experimental techniques and acquire the necessary 
lab skills and expertise. Following my degree, I was determined to acquire a deeper knowledge 
of health science, and this led me to Sciences Faculty of the University of Porto, where I took a 
master  course  in  Biochemistry.  Throughout  my  master  degree,  I  developed  a  particular 
interest  for  Neurosciences,  hence  I  ended  up  elaborating  my  thesis  in  the  group  of  Prof. 
Francisco Cruz, at the Faculty of Medicine of the University of Porto. Back then, in 2008, I knew 
little about neurotrophins and their role in the micturition reflex. However, I was thrilled with 
the opportunity to embrace and participate in such a good project. After the conclusion of my 
master degree in Biochemistry, I decided to pursue my research on understanding the effects 
of neurotrophins in the development of bladder dysfunction and visceral pain as my PhD thesis 
subject. Looking back in time, it is impossible not to be grateful to the people who supported 
me and helped me fulfilling this work in every way possible. 
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As neurotrofinas são uma família de fatores de crescimento. Estas proteínas desempenham 
um  papel  importante  durante  o  desenvolvimento  e  na  idade  adulta  na  regulação  da 
sobrevivência, crescimento neuronal, plasticidade sináptica e neuroprotecção das populações 
neuronais dos sistemas nervoso central e periférico. Neste estudo,  investigou‐se o papel das 
neurotrofinas Factor de Crescimento Nervoso  (NGF, do  inglês Nerve Growth Factor) e Factor 
Neurotrófico Derivado do Cérebro (BDNF, do inglês Brain Derived Neurotrophic Factor) na dor 
visceral  e  hiperactividade  vesical  associadas  à  cistite,  bem  como  o  papel  do  BDNF  na 
hiperactividade neurogénica do detrusor (NDO, do inglês Neurogenic Detrusor Overactivity). 
Os  dois  primeiros  estudos  avaliaram  o  papel  do  BDNF  como  mediador  dos  estímulos 
sensitivos  nóxicos  produzido  pela  bexiga  e  da  hiperactividade  vesical,  usando  um  modelo 
animal de cistite  induzida com ciclofosfamida. A administração  intratecal de BDNF a animais 
intactos causou dor referida no abdómen e na pata, bem como um aumento da frequência das 
contrações reflexas da bexiga imediatamente após injeção. Os efeitos agudos da administração 
intratecal  de  BDNF  na  função  vesical  e  sensibilidade  cutânea  foram  de  curta  duração. 
Curiosamente,  o  tratamento  crónico  com  BDNF  provocou  hipersensibilidade  cutânea  sem 
qualquer  efeito  na  função  miccional,  evidenciando  assim  a  importância  da  componente 
inflamatória para o desenvolvimento disfunção vesical associada à  inflamação da bexiga. Nos 
ratos com cistite induzida com ciclofosfamida, os níveis de BDNF estavam aumentados quer na 
bexiga  quer  na  medula  espinhal.  Estes  animais  apresentavam  hipersensibilidade  cutânea  e 
hiperactividade vesical. A administração intratecal e intravenosa de TrkB‐Ig2, um sequestrante 
de BDNF,  reduziu  significativamente a dor  referida e a disfunção miccional. Estas alterações 
foram  acompanhadas  por  um  decréscimo  da  expressão  espinhal  de  c‐Fos  e  da  forma 
fosforilada da proteína ERK. Apesar disso, não houve redução da inflamação da bexiga, o que 
sugere  que  o BDNF  produzido  na  periferia  não  participa  na  inflamação  (publicação  II  e  III). 
(Pinto  and  Frias  et  al.  2010.  Neuroscience,  166:907‐916;  Frias  et  al.  2013.  Neuroscience, 
234:88‐102). 
O terceiro estudo focou‐se na contribuição do BDNF para o estabelecimento e manutenção 
NDO.  Os  dados  obtidos  mostraram  que  o  aparecimento  da  hiperactividade  vesical  foi 
acompanhado por um aumento dos níveis de BDNF ao  longo do tempo, maioritariamente na 
lâmina  I  e  II  do  corno  dorsal  da  medula  espinhal.  A  sequestração  de  BDNF,  iniciada 
imediatamente  após  lesão da medula  espinhal,  induziu o  estabelecimento  precoce  de NDO 
juntamente com o aumento da capacidade de crescimento dos neurónios ganglionares da raiz 
dorsal. Estes dados indicam que o BDNF terá um papel protetor na função vesical em casos de 
lesão  da  medula  espinhal.  Para  confirmar  esta  hipótese,  foi  administrado  BDNF  por  via 
intratecal  a  animais  com  lesão  medular,  tendo  o  tratamento  se  iniciado  logo  após  lesão. 
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Registou‐se  uma  melhoria  da  função  miccional  após  quatro  semanas  de  administração  de 
BDNF. Em ratos espinalizados com NDO crónica, a sequestração de BDNF reduziu a disfunção 
vesical, evidenciado pela redução da frequência e amplitude da atividade reflexa da bexiga. Tal 
sugere que o BDNF pode  ter diferentes  intervenções durante a progressão da doença. Estes 
resultados  implicam  marcadamente  esta  neurotrofina  como  regulador  do  aparecimento  e 
manutenção  da  NDO.  Assim,  o  BDNF  poderá  ser  um  alvo  terapêutico  atrativo  para  ser 
manipulado nos diferentes estadios da NDO (publicação IV). (Frias et al., submitted). 
O último estudo avaliou o papel do TRPV1 (do inglês, Transient receptor potencial vanilloid 
1) nos efeitos excitatórios provocados pela administração crónica de NGF na atividade reflexa
da  bexiga  e  de  estímulos  sensitivos. Os  resultados  obtidos mostraram  que  a  administração 
crónica de NGF induziu hiperactividade da bexiga e hipersensibilidade a estímulos térmicos em 
animais  WT  (do  inglês,  Wild‐Type).  Os  ratinhos  TRPV1  KO  (do  inglês,  Knock‐out)  não 
apresentaram  qualquer  alteração,  quer  a  nível  da  função  miccional  quer  na  sensibilidade 
cutânea. Estes resultados indicam que o recetor TRPV1 é essencial para os efeitos produzidos 
pela  administração  de  NGF  na  função  vesical  e  sensibilidade  cutânea.  Em  suma,  estes 
resultados  indicam que a  interação entre o NGF e o TRPV1, que se sabe ser essencial para o 
desenvolvimento da dor somática, também é importante para a regulação da função vesical e 
dor  visceral. Assim,  o  recetor  TRPV1  é  um  elemento  crucial  no  aparecimento  da  disfunção 
vesical em patologias associadas a uma  sobre‐expressão de NGF  (publicação V).  (Frias et al. 
2012. BJU Int, 110:E422‐E428).   
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Neurotrophins (NTs) are a family of growth factors characterized for their important roles 
on  survival,  neurite  outgrowth,  synaptic  plasticity  and  neuroprotection  of  neuronal 
populations from central and peripheral nervous systems during development and adulthood. 
In  this  study,  we  focused  our  research  on  Nerve  Growth  Factor  (NGF)  and  Brain  Derived 
Neurotrophic Factor (BDNF) actions and we investigated their contribution in the regulation of 
bladder reflex activity as well as their role in visceral pain. We used animal models of chronic 
bladder inflammation and spinal cord injury. 
The  first  two studies addressed the effects of BDNF as a mediator of bladder‐generated 
noxious  input  and  bladder  overactivity  using  an  animal  model  of  CYP‐induced  cystitis. 
Intrathecal administration of BDNF to intact animals caused pain and increased the frequency 
of  bladder  reflex  contractions  immediately  after  injection.  The  acute  effects  of  intrathecal 
administration of BDNF  for bladder  function and pain were short‐lived.  Interestingly, chronic 
BDNF treatment caused cutaneous hypersensitivity without affect bladder function, stressing 
the  importance  of  the  inflammatory  component  in  inflammation‐dependent  bladder 
dysfunction. In rats with CYP‐induced cystitis, BDNF was upregulated both in the bladder as in 
the spinal cord. These animals presented cutaneous hypersensitivity and bladder hyperactivity. 
Intrathecal and  intravenous delivery of TrkB‐Ig2  significantly  reduced  the behavioral  signs of 
pain and bladder dysfunction. This was accompanied by a decrease in the spinal expression of 
c‐Fos and phosphoERK. Because no reduction of inflammatory signs was observed, it is unlikely 
that peripheral BDNF participates  in  inflammation (publications  II and  III). (Pinto and Frias et 
al. 2010. Neuroscience, 166:907‐916; Frias et al. 2013. Neuroscience, 234:88‐102). 
The third study focused on the putative contribution of BDNF for the establishment and 
maintenance of neurogenic detrusor overactivity  (NDO). The data obtained showed  that  the 
emergence of bladder hyperactivity was accompanied by a time‐dependent  increase  in BDNF 
expression  mostly  in  the  laminae  I  and  II  of  the  dorsal  horn  of  the  spinal  cord.  BDNF 
scavenging,  initiated  immediately after spinal  injury,  induced the early establishment of NDO 
which  correlated with  increased  growth  capacity of DRG neurons.  This  indicates  that BDNF 
may have a protective role on bladder function in SCT. To confirm this, spinal cord injured rats 
were  treated with  intrathecal BDNF.  Treatment was  initiated  immediately  after  cord  injury. 
Improvement of bladder function was only observed after four weeks of BDNF administration. 
In  rats  with  established  NDO,  BDNF  sequestration  ameliorated  bladder  dysfunction  by 
reducing  the  frequency, amplitude and peak pressure of  reflex contractions,  suggesting  that 
BDNF  may  have  a  differential  role  during  disease  progression.  These  findings  identify  and 
strongly  imply  that  this  NT  participates  in  the  emergence  and  maintenance  of  NDO.  Thus, 
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BDNF is an attractive therapeutic target to be differentially manipulated at different stages of 
NDO establishment (publication IV). (Frias et al., submitted). 
The  last  study  evaluated  the  role  of  TRPV1  in  the  excitatory  effects  of  chronic 
administration  of  NGF  on  bladder  generated  sensory  input  and  reflex  activity.  The  data 
obtained  showed  that  chronic  administration  of  NGF  induced  bladder  hyperactivity  and 
thermal hypersensitivity  in WT animals. This was not observed  in TRPV1‐KO mice,  indicating 
that this receptor is essential for NGF‐dependent bladder dysfunction and pain. Overall, these 
results  indicate  that  the  interaction  between  the  NGF  and  TRPV1  systems,  essential  for 
somatic pain, remains operative  in the regulation of bladder function and visceral pain. Thus, 
TRPV1 receptor  is an  important bottleneck  in bladder hyperactivity  in pathologies associated 
with NGF overexpression (publication V). (Frias et al. 2012. BJU Int, 110:E422‐E428).   
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1. Neurotrophins and their receptors
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Figure 1. The different domains of neurotrophins are shown along the length of its aminoacids sequence (adapted 
from (Lessmann and Brigadski, 2009). 
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Figure 2. Schematic structure of mammalian neurotrophin receptors and consequences of receptor‐
ligand binding. 
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2. Nerve Growth Factor (NGF)
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Montalcini  and  Angeletti,  1966,  Levi‐Montalcini,  1975,  1987,  Ernsberger,  2009).  NGF  is 
presently recognized as an essential trophic protein regulating the development and survival 
of  small  diameter  primary  dorsal  root  ganglia  (DRG)  neurons,  as  well  as  sprouting  of 
postganglionic sympathetic neurons, as they abundantly express TrkA  (Levi‐Montalcini, 1987, 
Pezet and McMahon, 2006).  In peripheral  tissues, NGF may be  synthesized by non‐neuronal 
cells,  including cells from the salivary glands  (Watson et al., 1985, Nam et al., 2007), smooth 
muscle  cells  (Steers  et  al.,  1991),  immune  cells  (Aloe  et  al.,  1992,  Hefti  et  al.,  2006)  and 
epithelial cells (Pincelli and Marconi, 2000, Harrison et al., 2004, Birder et al., 2007, Stanzel et 
al., 2008). NGF  is uptaken by the peripheral neuronal terminals and retrogradely transported 
to  the  cell  bodies  of  dorsal  root  ganglia  (DRG)  neurons,  where  it  activates  pro‐survival 
intracellular programs. Although normal  levels are  low  in adult  tissue,  they are  sufficient  to 
exert protective effects on peripheral innervation.  
2.1. NGF as a pain mediator  
An  important  function  of  NGF  is  the  regulation  of  pain‐signaling  systems  as  NGF  is 
essential for the survival and plastic changes of peripheral nociceptive neurons as well as the 
generation and maintenance of chronic pain states (McMahon, 1996, Hunt and Mantyh, 2001, 
Julius  and  Basbaum,  2001).  NGF  is  upregulated  in  a  variety  of  chronic  painful  conditions, 
including arthritis (Aloe et al., 1992, Halliday et al., 1998, Iannone et al., 2002), cystitis (Lowe et 
al., 1997, Oddiah  et  al., 1998,  Jaggar  et  al., 1999,  Liu  et  al., 2009), prostatitis  (Miller  et  al., 
2002) and chronic headaches  (Sarchielli et al., 2001). Healthy volunteers reported cutaneous 
hypersensitivity and generalized pain starting within minutes after subcutaneous or muscular 
administration of NGF and persisting  for  several hours  (Petty et al., 1994, Dyck et al., 1997, 
Svensson et  al., 2003, Andersen et  al., 2008, Hoheisel et  al., 2013).  Likewise,  subcutaneous 
injection of NGF  in the hindpaw of rodents  lead to  increased responsiveness to noxious heat 
and progressive increase in the activity of nociceptive neurons (Lewin et al., 1994, Andreev et 
al.,  1995,  Thompson  et  al.,  1995).  Also  in  rodents,  the  concentration  of  NGF  in  the  skin 
increases  in  response  to  inflammation  produced  by  injection  of  irritants,  such  as  complete 
Freud’s  Adjuvant  (CFA)  (Pezet  and McMahon,  2006),  or  following  exposure  to  ultraviolet‐B 
irradiation  (Woolf et al., 1994, Bishop et al., 2007).  Importantly, NGF has also been  linked to 
visceral pain  (Guerios et al., 2006). Finally,  it has been recently demonstrated that NGF  is an 
important mediator  in experimental models of cancer pain  (Sevcik et al., 2005, Bloom et al., 
2011, Jimenez‐Andrade et al., 2011). 
Following  the demonstration of high  levels of NGF both  in experimental models and  in 
human painful conditions, several studies addressed the effects of the downregulation of this 
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NT. The administration of anti‐NGF antibodies,  synthetic NGF  scavengers and antagonists of 
Trk receptors successfully reduced pain levels following intraplantar injection of CFA  (Lewin et 
al., 1994, Woolf et al., 1994, Ma and Woolf, 1997), carrageenan‐induced  inflammation of the 
hindpaw  (McMahon  et  al.,  1995,  Chudler  et  al.,  1997,  Sammons  et  al.,  2000)  and  bladder 
inflammation (Hu et al., 2005, Guerios et al., 2008). Following the demonstration that NGF is a 
major mediator of pain and reports of the beneficial effects of NGF blockade, a recombinant 
humanized monoclonal antibody against NGF was developed and tested  in preclinical studies 
to  treat pain  in osteoarthritic patients  (Cattaneo, 2010,  Lane et al., 2010, Nagashima et  al., 
2011, Schnitzer et al., 2011, Brown et al., 2012, 2013).   Despite positive effects, patients also 
developed adverse side problems,  including   asseptic avascular bone necrosis that eventually 
lead  to  joint  replacement  (Brown  et  al.,  2013),  precluding  its  investigation  in  other  painful 
conditions. 
The  reason why NGF  is  such  an  important  pain mediator  is  related  to  its  downstream 
effects  (McMahon, 1996, Pezet and McMahon, 2006). Upon  release  from peripheral  tissues, 
NGF  is  retrogradely  transported  to  the  cell  soma  of  sensory  neurons,  where  it  activates 
signaling pathways such as the Extracellular regulated kinase 1 and 2 (ERK) and Akt signalling 
pathways  (Pezet  and  McMahon,  2006,  Cruz  and  Cruz,  2007,  Ochodnicky  et  al.,  2012). 
Activation of  these  signaling pathways  reduces  the activation  threshold of  sensory afferents 
either  by  a  quick  and  direct modulation  of membrane  receptor  or  by  inducing  long‐lasting 
changes  in gene expression. Examples of genes  regulated by NGF  include  the ones encoding 
for other neurotrophins,  such  as BDNF,  and  ionic  channels,  such  as  the  Transient Receptor 
Potential Vanilloid 1  (TRPV1)  (Pezet  and McMahon, 2006).  Interestingly,  acute NGF‐induced 
sensitization  may  be  accounted  by  a  direct  interaction  between  NGF  and  TRPV1.  TrkA 
activation,  induced  by  NGF  binding,  leads  to  the  release  of  TRPV1  from  tonic  inhibition 
(Chuang et al., 2001) and quickly  increases TRPV1 expression by  inducing the  insertion  in the 
membrane  of  new  TRPV1  subunits  (Zhang  et  al.,  2005,  Zhang  et  al.,  2008).  However,  the 
interaction between TRPV1 and the NGF system has only been analysed in in vitro assays and 
in the context of somatic pain. 
2.2. NGF in the Lower Urinary tract (LUT) 
In  the  LUT, NGF  is by  far  the most well  studied neurotrophin. Early  studies  showed an 
increase of NGF levels and hypertrophied bladders in rats with urethral obstruction (Steers et 
al.,  1991)  and  proved  NGF  as  an  essential  mediator  in  regulating  survival  and  neurite 
outgrowth of  cultured major pelvic  ganglion neurons  (Tuttle  and  Steers, 1992, Tuttle et  al., 
1994a, Tuttle et al., 1994b). Other studies aimed to detect the origin of NGF in the bladder and 
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identified bladder smooth cells (Persson et al., 1997, Tanner et al., 2000) and the urothelium 
(Lowe  et  al.,  1997,  Birder  et  al.,  2007,  Birder  et  al.,  2010)  as  important  sources  of  NGF. 
Interestingly,  urothelial  cells  also  respond  to  this  NT  as  they  also  express  TrkA  and  p75NTR 
(Murray  et  al.,  2004).  In  addition,  NGF  can  also  been  found  in  the  cell  bodies  of  sensory 
afferents innervating the urinary bladder (Sasaki et al., 2002) and major pelvic ganglia (Murray 
et al., 2004). 
2.2.1 NGF and bladder dysfunction 
NGF  is upregulated  in  the bladder  in  various human  LUT pathologies  including Bladder 
Pain  Syndrome/Interstitial  Cystitis  (BPS/IC),  Overactive  Bladder  Syndrome  (OAB),  Bladder 
Outlet  Obstruction  (BOO)  and  Neurogenic  Detrusor  Overactivity  (NDO)  (Ochodnicky  et  al., 
2011,  Antunes‐Lopes  et  al.,  2013).  This  NT  is  found  in  big  amounts  in  the  urines  of  these 
patients,  subsiding  after  pharmacological  and  non‐pharmacological  treatment  (Pinto  et  al., 
2010b,  Antunes‐Lopes  et  al.,  2011,  Antunes‐Lopes  et  al.,  2013).  Collectively,  these  studies 
raised  the  ongoing  debate  about  a  putative  use  of  urinary NGF  as  a  biomarker  of  bladder 
dysfunction (Liu and Kuo, 2008, Ochodnicky et al., 2011, Seth et al., 2013). 
In  experimental  animals  of  bladder  hyperactivity,  NGF  concentration  in  the  bladder  is 
increased  in  animals  with  cystitis  (Bjorling  et  al.,  2001,  Guerios  et  al.,  2008)  and  following 
spinal cord  injury (SCI) (Vizzard, 2000). Exogenous administration of NGF to the bladder  leads 
to hyperactivity, with increased frequency and amplitude of bladder contractions, irrespective 
of the route of administration (Dmitrieva and McMahon, 1996, Dmitrieva et al., 1997, Lamb et 
al., 2004, Zvara and Vizzard, 2007). More recently,  it was reported that transgenic mice with 
NGF overexpression restricted to the urothelium also present bladder hyperactivity, together 
with bladder enlargement and  sympathetic and  sensory hyperinnervation  (Schnegelsberg et 
al., 2010, Girard et al., 2011). At spinal cord level, NGF levels were also upregulated in SCI rats 
with  bladder  hyperactivity  (Seki  et  al.,  2002,  Zvarova  et  al.,  2004).    Chronic  intrathecal 
administration of NGF  to normal  rats also  resulted  in bladder hyperactivity, accompanied by 
hyperexcitability  of  bladder  sensory  afferents  (Yoshimura  et  al.,  2006).  Changes  in  bladder 
function  were  accompanied  by  upregulation  in  the  expression  of  TrkA  and  p75NTR  in  the 
bladder and  in  the neuronal pathways  regulating bladder  function  (Qiao and Vizzard, 2002a, 
Qiao  and Vizzard,  2002b, Murray  et  al.,  2004, Qiao  and Vizzard,  2005,  Klinger  et  al.,  2008, 
Klinger and Vizzard, 2008).   
The effects of NGF blockade on bladder function have also been studied. In animals with 
cystitis,  the  effects  of  NGF  have  been  inhibited  by  intravenous  injection  of  REN1820,  a 
recombinant  protein  able  to  sequester  NGF  (Hu  et  al.,  2005),  or  following  intravesical  
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3. Brain­Derived Neurotrophic Factor (BDNF)
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3.1 BDNF as a pain modulator 
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3.2 BDNF in LUT 
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3.2.1 BDNF and bladder dysfunction 
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4. Goals
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Abstract: The lower urinary tract (LUT) comprises a storage unit, the urinary bladder, and an outlet, the urethra. The
coordination between the two structures is tightly controlled by the nervous system and, therefore, LUT function is highly 
susceptible to injuries to the neuronal pathways involved in micturition control. These injuries may include lesions to the 
spinal cord or to nerve fibres and result in micturition dysfunction. A common trait of micturition pathologies, irrespective 
of its origin, is an upregulation in synthesis and secretion of neurotrophins, most notably Nerve Growth Factor (NGF) and 
Brain Derived Neurotrophic Factor (BDNF). These neurotrophins are produced by neuronal and non-neuronal cells and 
exert their effects upon binding to their high-affinity receptors abundantly expressed in the neuronal circuits regulating 
LUT function. In addition, NGF and BDNF are present in detectable amounts in the urine of patients suffering from 
various LUT pathologies, suggesting that analysis of urinary NGF and BDNF may serve as likely biomarkers to be 
studied in tandem with other factors when diagnosing patients. Studies with experimental models of bladder dysfunction 
using antagonists of NGF and BDNF receptors as well as scavenging agents suggest that those NTs may be key elements 
in the pathophysiology of bladder dysfunctions. In addition, available data indicates that NGF and BDNF might constitute 
future targets for designing new drugs for better treatment of bladder dysfunction. 
Keywords: NGF, BDNF, Trk receptors, bladder, LUT.
INTRODUCTION 
The lower urinary tract (LUT) is composed of the urinary 
bladder, essential storage unit, and the urethra that allows for 
urine elimination. The storage and periodic elimination of 
urine depend on the coordinated activity of those organs [1], 
which receive sensory (Adelta and C-fibres), parasympa-
thetic and sympathetic innervations. The strict control of 
LUT function is dependent on a set of on-off switching neu-
ronal circuits. During storage, the smooth and striated parts 
of the urethral sphincter receive excitatory sympathetic in-
put, preventing involuntary bladder emptying, whereas the 
parasympathetic innervation of the detrusor muscle of the 
bladder remains inhibited [2, 3]. Bladder contraction is initi-
ated upon activation of sensory mechanisms that detect a 
sudden increase in intravesical pressure. The parasympa-
thetic innervation is then activated, providing excitatory in-
put to the detrusor. At the same time, the sympathetic drive 
to the bladder neck and urethra is interrupted. As a result, the 
sphincter relaxes preceeding detrusor contraction, necessary 
to eliminate urine [1, 4]. In addition, supraspinal centres also 
contribute to regulation of bladder function, providing an-
other level of complexity to micturition control. Thus, it 
comes as no surprise that regulation of LUT function is sen-
sitive to a variety of injuries that jeopardize normal bladder 
control. Such injuries include infections and neuronal lesions 
(spinal cord injury, cerebrovascular accidents, Parkinson 
disease…) but, in some cases, are difficult to identify. One 
*Address correspondence to this author at the Department of Experimental
Biology, Faculty of Medicine of Porto, Alameda Hernâni Monteiro, 4200-319 
Porto, Portugal; Tel: + 351 22551 3654; Fax: + 351 22551 3655;  
E-mail: ccruz@med.up.pt 
common trait of bladder dysfunction, irrespective of its 
origin, is increased synthesis and release of NTs in urine 
and LUT tissue. 
NEUROTROPHINS (NTs) 
Neurotrophins (NTs) are a well characterized family of 
growth factors playing important roles in survival, growth 
and differentiation of developing neuronal populations of the 
central and peripheral nervous systems [5-7]. In the adult, 
NTs may also contribute to the modulation of pre-existing 
synapses, thereby influencing synaptic transmission [6, 8]. 
The NTs family comprises several members, the most stud-
ied and discussed in the present review being Nerve Growth 
Factor (NGF) and Brain-Derived Neurotrophic Factor 
(BDNF). All NTs are synthesized as pro-molecules consti-
tuted by a pair of ?, ? and ? subunits. Following synthesis
and subsequent exocytosis, proneurotrophins suffer a prote-
olytic cleavage by extracellular proteases to form mature 
NTs, constituted exclusively by ? subunits. This represents a
mechanism that controls the specificity action of NTs [6]. It 
is traditionally accepted that NTs are synthesized and re-
leased by peripheral tissues and retrogradely transported 
to the soma of sensory neurons. This is the basis of the so-
called neurotrophic theory [9]. 
NTs exert their effects upon binding to their low-affinity 
receptor p75
NTR
 or to their high-affinity tyrosine kinase (Trk)
receptor [6, 10, 11]. Trk receptors are a family of cell surface 
transmembrane glycoproteins encoded by trk proto onco-
genes. These receptors have a similar structure: an intracellu-
lar tyrosine kinase domain, a short transmembranar sequence 
and an extracellular region containing a signal peptide, two 
cysteine-rich domains, a cluster of three leucine-rich motifs 
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and two Ig-like domains. The second Ig-like domain is the 
major ligand-binding region and each Trk receptor has a 
different sequence which is specific for each ligand. The 
extracellular portions of the Trk receptors are less conserved 
than the intracellular domains, which accounts for the 
variability necessary for the specific recognition of each 
NT [12].  
Trk receptors may be expressed as dimers, with or with-
out the presence of p75
NTR
. If the ratio p75
NTR
/Trk is high or
if p75
NTR
 is expressed in the absence of Trk, binding of neu-
rotrophins may promote apoptosis [12, 13]. If the ratio 
p75
NTR
/Trk is low, binding of tissue-derived neurotrophins to
their specific Trk receptor will promote cell survival, among 
other cellular functions, by inducing downstream activation 
of different intracellular transduction pathways, such as 
ras-raf-MAPK, PI3K-Akt-GSKIII, PLC?-DAG-PKC and
S6kinase pathway [12, 14].  
NERVE GROWTH FACTOR (NGF) 
NGF was the first member of the neurotrophin family to 
be described [15]. This NT may be synthesized by neurons 
and non-neuronal cells, including cells from the salivary 
glands [16, 17], epithelial [18-21] and mast cells [13]. NGF 
plays an essential role during the development of the periph-
eral nervous system, regulating the survival and function of 
postganglionic sympathetic neurons and small diameter pri-
mary afferents [6, 9, 22-24,]. In addition, several studies 
show that NGF is crucial for altered pain states [25-28]. Sen-
sory neurons responding to NGF belong to the small and 
medium diameter groups of sensory afferents. Upon binding 
to TrkA, its high-affinity receptor, NGF may induce the ex-
pression of several genes that code for various neurotrans-
mitters, receptors and voltage-gated ion channels [6, 29]. 
Examples of genes regulated by NGF include the ones cod-
ing for P2X3 (ATP receptor), ASIC 3 (Acid-sensitive ion 
channel 3), neuropeptides (such as Substance P and CGRP, 
Calcitonin gene-related peptide) and other neurotrophins 
(such as BDNF) [6, 30]. Thus, it is clear that NGF may in-
duce long-term alterations in the sensory system and may, 
therefore, contribute to long-lasting phenotypic changes oc-
curring during chronic painful conditions. NGF may also 
contribute to altered peripheral sensitivity by regulating post-
translational modification of pre-existent membrane recep-
tors, most notably Transient Receptor Potential Vanilloid 1 
(TRPV1) [31-33]. Interestingly, whereas post-translational 
events occur shortly after TrkA activation, NGF-mediated 
transcriptional control is likely to take many hours or even 
days, suggesting that the time span for NGF-induced events 
is broad.  
NGF may also regulate peripheral sensitivity by modulat-
ing the crosstalk between TRPV1 with other receptors, 
namely cannabinoid receptor 1 (CB1), which has been 
shown to be co-expressed with TRPV1 in sensory neurons 
[34, 35, 36]. The endogenous cannabinoid anandamide has 
long been established as a CB1 agonist [37]. Its role as a 
TRPV1 agonist was established more recently [34, 36, 38]. 
In rats, exogenous application of anandamide to the bladder 
induced bladder overactivity and spinal expression of the 
pain evoked immediate early gene c-fos in a capsazepine, a
TRPV1 antagonist, dependent manner [38]. In cultured sen-
sory neurons, it was shown that anandamide regulates CGRP 
release from TRPV1-expressing neurons [36]. Both studies 
demonstrated that blockade of CB1 potentiated the excitatory 
effects of anandamide [36, 38], suggesting that anandamide 
could have an excitatory effect via TRPV1 and an inhibitory
one via CB1, mostly likely depending on its concentration.
Indeed, while at low concentrations anandamide lead to a 
CB1-mediated inhibition of neuropeptide release, at higher 
concentration anandamide evoked the opposite in a TRPV1-
dependent fashion [39, 40]. NGF levels are critical for the 
imbalance between the excitatory and inhibitory effects of 
anandamide [41]. If levels of NGF are high, TRPV1 expres-
sion is upregulated and CB1 activation by anandamide po-
tentiates rather, than inhibits, Ca
2+
 entry via TRPV1 [41].
This is particularly relevant as in inflammatory conditions, 
such as cystitis, NGF levels increase and contributes to al-
tered pain states and bladder overactivity [6, 7]. The interac-
tion between NGF and CB1 could also occur in a direct 
manner, rather than via TRPV1. Indeed, CB1 was shown to
co-localize with TrkA, although its expression does not seem 
to be mediated by NGF [35]. It was further demonstrated that 
NGF-induced thermal and visceral hyperalgesia were re-
duced by CB1 and CB2 activation by anandamide and en-
hanced following CB blockade [42-44]. Further studies are 
warranted to better understand the relation between cannabi-
noid signaling and NGF.  
NGF AND BLADDER OUTLET OBSTRUCTION 
The first evidence suggesting a role for NGF in the LUT 
came from the pioneer studies of Steers and co-workers who 
studied the effects of bladder outlet obstruction (BOO) on 
NGF contents present in the urinary bladder. BOO is a 
highly common condition among men caused by benign 
prostatic hyperplasia. It has been shown that in human BOO 
patients, as well as in animals with obstructed urethras, the 
levels of NGF in the bladder were significantly increased 
[45]. In addition, following experimental BOO, bladder sen-
sory afferents were hypertrophied [45-47], a change accom-
panied by a peak in NGF concentration [45]. Interestingly, 
relief of obstruction lead to a partial reversal of neuronal 
hypertrophy and a decrease in the high NGF levels [45]. 
Moreover, the spinal expression of GAP-43, a known marker 
of axonal sprouting, was upregulated in BOO rats. This was 
not observed in NGF-immune rats, confirming the pivotal 
role of NGF in the morphological changes of sensory affer-
ents induced by BOO [48].  
NGF AND OVERACTIVE BLADDER (OAB) 
The Overactive Bladder (OAB) syndrome is currently 
defined by the International Continence Society as urgency, 
with or without incontinence, usually with frequency and 
nocturia, in the absence of proven infection or other obvious 
pathology [49, 50]. OAB is a highly prevalent disorder that 
impacts the lives of millions of people worldwide, especially 
in older individuals. In fact, the prevalence of OAB symp-
toms in the population over 70 years old reaches 40%, which 
constitutes an important issue now that the life expectancy is 
higher [51]. Despite its high prevalence, most patients do not 
seek medical attention and are not aware that OAB is treat-
able.  
The pathogenesis of OAB is still mostly unknown, and 
therefore treatment is aimed at alleviating symptoms rather 
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than the cure [51]. However, it is accepted that the to patho-
physiology of OAB concurs physical injury to afferent path-
ways in the LUT and mechanisms such as increased afferent 
activity, decreased supraspinal inhibition and increased re-
lease of neurotransmitters [52]. Whatever the cause, it is 
accepted that urgency is the key symptom and driving force 
for OAB [53, 54]. However, objective grading of urgency 
symptoms is a difficult task and reports vary amongst pa-
tients. In most cases, it is possible to perform urodynamic 
studies that allow an unbiased detection of detrusor overac-
tivity. However, not all OAB patients present detrusor dys-
function which represents an increased difficulty when diag-
nosing and treating OAB patients. Thus, there is a great need 
for more accurate means to diagnose OAB and recent studies 
have focused on the detection of urinary biomarkers [55], 
most notably on urinary NGF. 
Recent pilot clinical studies showed that urinary NGF 
levels are higher (approximately 12-fold) in patients with 
OAB than normal controls [56-59]. Although not correlating 
with the amount of NGF present in bladder tissue [19], uri-
nary levels of NGF can be used to differentiate patients with 
OAB wet and OAB dry, the concentrations being higher in 
the former group of patients [59]. In addition, urinary NGF 
concentration correlates with urgency intensity in OAB pa-
tients classified as measured by the Indevus urgency severity 
scale (USS) scores of 3 or 4 [57]. Successful antimuscarinic 
treatment reduces USS score and urinary NGF levels with a 
reversal occurring upon withdrawal of the therapy [58, 59]. 
In OAB patients refractory to antimuscarinics, botulinum 
toxin markedly reduces urinary NGF levels [60]. Urinary 
NGF is also increased in interstitial cystitis/bladder pain 
syndrome [60, 61]. In this condition, like in patients with 
neurogenic detrusor overactivity [62], successful treatment 
with botulinum toxin, which resulted in pain reduction, im-
proved quality of life and bladder function, lead to a signifi-
cant reduction in urinary NGF [60].  
The importance of NGF in bladder function has been 
further demonstrated in a series of studies with experimental 
animals. In the urinary tract, NGF is produced by bladder 
smooth muscle and urothelium [28]. The majority of bladder 
sensory afferents projecting through the pelvic nerve express 
the TrkA receptor [23]. Using an experimental model of 
chronic bladder inflammation, it has been demonstrated that 
TrkA expression and activation is upregulated in bladder 
afferents during bladder inflammation and spinal cord injury 
[63, 64] in tandem with increased levels of NGF mRNA in 
the bladder [65]. NGF administration via different routes
resulted in bladder overactivity, characterized by reduction 
of bladder capacity and inter-contraction interval [66-69]. 
Likewise, reduction of NGF levels decrease the high fre-
quency of bladder contractions in animals with bladder in-
flammation [70, Frias et al., unpublished observations] and
spinal cord injury [71, 72]. In what concerns visceral pain, 
the contribution of NGF to sensitize bladder afferents during 
inflammation has long been established [23, 73]. Thermal 
hyperalgesia associated with inflammation of the urinary 
bladder was also shown to be NGF-dependent [43, 44, 74]. 
In addition, treatment with cannabinoids or NGF sequestra-
tion reduced referred pain levels, confirming the importance 
of NGF in visceral pain and supporting an interaction be-
tween NGF and cannabinoid signalling [43, 44, 74, 75; Frias 
et al., unpublished results].
BRAIN DERIVED NEUROTROPHIC FACTOR (BDNF) 
BDNF is the most abundant NT although less investi-
gated at the present moment [76]. Like NGF, BDNF also 
contributes to the survival and proper function of sensory 
neurons [6, 77-79]. During the developmental period, BDNF 
is crucial for the development of cranial sensory neurons 
[80] as well as mechanoreceptors innervating the Meissner 
and Pacinian corpuscles and chemoreceptors innervating 
taste buds [80-82]. In the adult, BDNF is essential for neu-
ronal survival and seems to contribute to mechanosensation 
[83], possibly via ASIC2, an important mechanotransducer
[84]. BDNF is constitutively expressed by small- and me-
dium-sized peptidergic neurons [5, 85, 86], but it is also pro-
duced by non-neuronal cells, including those present in the 
urinary bladder, lung and colon [87, 88]. This NT exerts its 
effects via its high affinity receptor, TrkB receptor, ex-
pressed in the central and peripheral nervous system. Along 
with its well established trophic effect on neuronal tissue 
[15] and its relevance in plasticity events (such as LTP in the 
hippocampus, [89]), the importance of BDNF in nociception 
has also been under investigation [90]. It has been shown 
that intraplantar administration of BDNF induces transient 
thermal hyperalgesia possibly by sensitizing peripheral sen-
sory neurons [91]. However, BDNF seems to be more 
prominent at central locations as it is anterogradely trans-
ported to the spinal cord, where it is released upon noxious 
peripheral stimulation [86]. BDNF is present in synaptic 
vesicals at central terminal endings of sensory fibres, co-
localizing with Substance P and CGRP [5]. Interestingly, 
BDNF expression is regulated by NGF and following pe-
ripheral inflammation, the levels of BDNF are upregulated in 
TrkA-expressing neurons [5, 6, 78, 90, 92]. BDNF release 
within the spinal cord leads to ERK phosphorylation [5, 6, 
78, 93] and PKC activation, important events for BDNF-
induced thermal hyperalgesia and tactile allodynia [5, 6, 63]. 
In addition, in the spinal cord BDNF modulates the glutama-
tergic neurotransmission in an ERK-dependent manner by 
increasing the phosphorylation of the NR1 subunit of the 
NMDA (N-methyl-D-aspartate) receptor [94, 95]. The im-
portance of BDNF in pain perception has been further estab-
lished by studies that abolish its downstream effects. It has 
been reported that administration of BDNF-scavenging pro-
teins (TrkB-IgG) or antisense oligodeoxynucleotides reduces 
pain-related behaviour in animals treated with formalin or 
carrageenan [92, 96].  
BDNF IN THE LUT 
Little is known about the role of BDNF in bladder func-
tion both in normal and in pathological conditions and avail-
able studies are mostly confined to experimental models of 
bladder dysfunction. It has been demonstrated that following 
chronic bladder inflammation or spinal cord injury, the syn-
thesis of BDNF in the urinary bladder is strongly increased 
[65, 88]. Accordingly, the activation levels of TrkB, present 
in bladder sensory afferents, are upregulated in the same 
models [63, 64], suggesting that peripherally synthesized 
BDNF is uptaken by bladder afferents. The importance of 
TrkB phosphorylation at peripheral sites to bladder function 
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is still under debate. As for BDNF scavenging studies, those 
are very scarce. Nevertheless, a recent study from our group 
showed that BDNF sequestration improved bladder function 
in rats with chronic cystitis [88]. The same treatment did not 
produce any effects on bladder reflex activity of intact ani-
mals [88], suggesting that BDNF’s effect on bladder function 
seem to be restricted to pathological conditions. Ongoing 
work from our group has further demonstrated that BDNF 
seems to play its contribution at the central nervous system 
in detriment of peripheral effects (Frias et al., unpublished
observations). In what concerns clinical data, only one study 
has evaluated BDNF in the urine of bladder pain syn-
drome/interstitial cystitis patients. In this study, the levels of 
urinary BDNF detected were increased but were significantly 
reduced after botulinum toxin administration [60]. 
CONCLUSION 
In summary, experimental and clinical studies regarding 
the importance of NTs, NGF and BDNF in particular, in the 
lower urinary tract have obtained enough data to support a 
role of these NTs in LUT. More interestingly, the presence 
of NGF and BDNF in the urine of patients, the amounts of 
which correlate with the severity of LUT, and the variations 
observed after different treatments may indicate that urinary 
NTs could be new useful biomarkers to complement existent 
diagnostic tools. Experimental studies indicate that it is 
likely that NGF and BDNF may be key elements in the 
pathophysiology of bladder dysfunction. However, it is clear 
that data concerning the role of BDNF in the LUT is still 
scarce and more studies are warranted to clarify this. It is 
also necessary to fully establish if a) urinary NTs are reliable 
biomarkers of bladder dysfunction and if b) NTs are suitable 
therapeutic targets for bladder treatment. Future studies will 
certainly elucidate and establish the true function of NTs in 
the LUT in normal and pathological conditions and provide 
better means to diagnose and hopefully treat LUT. 
LIST OF ABBREVIATIONS 
ASIC = Acid-sensitive ion channel
BOO = Bladder outlet obstruction  
BDNF = Brain derived neurotrophic factor 
CGRP = Calcitonin gene-related peptide 
ERK = Extracellular signal-regulated kinase 
LUT = Lower urinary tract 
NGF = Nerve growth factor 
NMDA = N-methyl-D-aspartate receptor 
NTs = Neurotrophins
OAB = Overactive bladder
Trk = Tyrosine kinase receptor 
TRPV1 = Transient receptor potential vanilloid 1 
USS = Urgency severity scale 
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The importance of the neurtrophins NGF and BDNF in bladder dysfunctionEQUESTRATION OF BRAIN DERIVED NERVE FACTOR BY
NTRAVENOUS DELIVERY OF TrkB-Ig2 REDUCES BLADDER
VERACTIVITY AND NOXIOUS INPUT IN ANIMALS WITH
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bstract—Brain derived nerve factor (BDNF) is a trophic
actor belonging to the neurotrophin family. It is upregulated
n various inflammatory conditions, where it may contribute
o altered pain states. In cystitis, little is known about the
elevance of BDNF in bladder-generated noxious input and
ladder overactivity, a matter we investigated in the present
tudy. Female rats were intraperitoneally (i.p.) injected with
yclophosphamide (CYP; 200 mg/kg). They received saline or
rkB-Ig2 via intravenously (i.v.) or intravesical administration.
hree days after CYP-injection, animals were anaesthetized
nd cystometries performed. All animals were perfusion-
xed and the spinal cord segments L6 collected, post-fixed
nd processed for c-Fos and phosphoERK immunoreactivity.
DNF expression in the bladder, as well as bladder histology,
as also assessed. Intravesical TrkB-Ig2 did not change blad-
er reflex activity of CYP-injected rats. In CYP-animals
reated with i.v. TrkB-Ig2 a decrease in the frequency of blad-
er reflex contractions, in comparison with saline-treated
nimals, was observed. In spinal sections from the latter
roup of animals, the number of phosphoERK and c-Fos
mmunoreactive neurons was lower than in sections from
aline-treated CYP-animals. BDNF immunoreactivity was
igher during cystitis but was not changed by TrkB-Ig2 i.v.
reatment. Evaluation of the bladder histology showed similar
nflammatory signs in the bladders of inflamed animals, irre-
pective of the treatment. Data show that i.v. but not intra-
esical administration of TrkB-Ig2 reduced bladder hyperac-
ivity in animals with cystitis to levels comparable to those
bserved in unirritated rats. Since i.v. TrkB-Ig2 also reduced
Indicates equal contribution.
Correspondence to: C. D. Cruz, Institute Histology and Embryology,
MUP, Alameda Hernâni Monteiro, 4200-319 Porto, Portugal. Tel:
351-22-5513654; fax: 351-22-5513655.
-mail address: ccruz@med.up.pt (C. D. Cruz).
bbreviations: ABC, avidin biotin complex; BDNF, brain derived neu-
otrophic factor; CYP, cyclophosphamide; DAB, 3,3=,-diaminobenzi-
ine tetrahydrochloride; DCM, dorsal commissure; ERK, extracellular
ignal-regulated kinase; ILG, intermediolateral grey matter; i.p., intra-
eritoneal; IR, immunoreactive; i.v., intravenous; NGF, nerve growth
actor; NT, neurotrophin; PBS, phosphate buffer saline 0.1M; PBST,a
BS containing 0.3% of Triton X-100; s.c., subcutaneous; TRPV1,
ransient potential receptor vanilloid 1.
306-4522/10 $ - see front matter © 2010 IBRO. Published by Elsevier Ltd. All right
oi:10.1016/j.neuroscience.2010.01.015
69pinal extracellular signal-regulated kinase (ERK) activation,
t is possible that BDNF contribution to inflammation-induced
ladder hyperactivity is via spinal activation of the ERK path-
ay. Finally, the reduction in c-Fos expression indicates that
rkB-Ig2 also reduced bladder-generated noxious input. Our
esults show that sequestration of BDNF may be considered
new therapeutic strategy to treat chronic cystitis. © 2010
BRO. Published by Elsevier Ltd. All rights reserved.
ey words: BDNF, bladder, inflammation, cystitis, neurotro-
hin, intravenous.
hronic bladder inflammation can cause alterations in the
roperties of bladder sensory afferents often resulting in
eripheral sensitization. Peripheral sensitization of primary
fferents or changes in their central synapses may con-
ribute to increased pain sensation and bladder overactivity
rising during cystitis (Dubner and Ruda, 1992; Dmitrieva
t al., 1997). It is commonly accepted that sensitization of
ladder afferents is dependent on neurotrophins (for re-
iew see Pezet and McMahon, 2006). This related family
f proteins comprises Nerve Growth Factor (NGF), Brain
erived Neurotrophic Factor (BDNF; for review see Pezet
nd McMahon, 2006), Neurotrophin-3 (NT-3) and NT-4.
NGF has attracted much attention in the past few years
s its levels have been found to be elevated in the urine
nd bladder biopsies from patients with micturition dys-
unctions, including interstitial cystitis/bladder pain syn-
rome and overactive bladder syndrome (Lowe et al.,
997; Okragly et al., 1999; Liu and Chancellor, 2008). NGF
inds to its high affinity receptor TrkA, which is abundantly
xpressed in bladder afferents (Qiao and Vizzard,
002a,b, 2005) supporting an important role for NGF mod-
lation of bladder sensory innervation.
Another neurotrophin receptor largely expressed in
ladder sensory afferents is TrkB (Qiao and Vizzard,
002a,b), the high affinity receptor for BDNF. This receptor
s also present in abundance in the spinal cord (for review
ee Merighi et al., 2004, 2008). Recently, it has been
emonstrated that TrkB expression and activation is up-
egulated in bladder afferents in rats with cystitis (Qiao and
izzard, 2002a) and spinal cord injury (Qiao and Vizzard,
002b, 2005). In addition, peripheral inflammation results
n BDNF upregulation (Paterson et al., 2009) which may
ccur, at least in part, in an NGF-dependent manner (Cho
t al., 1997). Therefore, it is conceivable that BDNF may
lso participate in neuronal changes occurring during
s reserved.
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The importance of the neurtrophins NGF and BDNF in bladder dysfunctionhronic cystitis. Nevertheless, this possibility has never
eceived much attention.
One of the most commonly used animal models of
ystitis consists in intraperitoneally (i.p.) administration of
yclophosphamide (CYP; Dinis et al., 2004a; Cruz et al.,
005; Charrua et al., 2008). CYP is metabolized in the liver
nto acrolein which is excreted via the urinary system. On
ccumulation in the bladder, acrolein acts as a strong
rritant and, consequently, the frequency of bladder reflex
ontractions is increased in rats treated with CYP (Cruz et
l., 2005). In addition, CYP-inflamed animals present
pontaneous behaviour indicative of the presence of pain
Boucher et al., 2000; Méen et al., 2001, 2002), as well as
ncreased density of sensory fibres in the bladder wall
Dickson et al., 2006). Using the CYP model of cystitis,
izzard has demonstrated upregulation of the NGF and
DNF levels of mRNA (Vizzard, 2000). Treatment of CYP-
nflamed animals with an NGF-sequestering protein was
hown to improve bladder function (Hu et al., 2005). There-
ore, in the present study we used a similar strategy to
larify if BDNF contributes to bladder overactivity and pain
n the CYP model of cystitis.
EXPERIMENTAL PROCEDURES
xperimental animals and reagents
dult female Wistar rats (220–250 g) were obtained from Charles
iver (France). The ethical guidelines for investigation of experi-
ental pain in animals and the European Communities Council
irective (86/609/EEC) were followed (Zimmermann, 1983). Rats
ere housed (12 h light/dark cycle) with ad libitum access to food
nd water. Non-terminal animal handling was performed under
soflurane anaesthesia (5% for induction and 2% for mainte-
ance). For cystometries and terminal handling, rats received a
ubcutaneously (s.c.) bolus of urethane (1.2 g/kg subcutaneous
njection). BDNF was sequestered by recombinant TrkB-Ig2. This
s the second immunoglobulin-like domain of the TrkB receptor,
xpressed in E. coli. It has an N-terminal six-histidine tag and a
olecular weight of 18,580 Da. This soluble domain binds to
DNF with picomolar affinity (Naylor et al., 2002; Lu et al., 2009).
nspecific IgG produced in rabbit came from Sigma (Portugal).
yclophosphamide was obtained from Baxter (Portugal). The an-
ibody against phosphorylated extracellular signal-regulated ki-
ase (ERK) 1 and 2, raised in rabbit, was purchased from Neu-
omics (Germany) while the antibody against c-Fos, also raised in
abbit, was purchased from Calbiochem (UK). The antibody
gainst BDNF, raised in chicken, was purchased from Neuromics
Germany). The secondary biotinylated swine anti-rabbit antibody
as obtained from Dakopatts (Denmark) and the avidin biotin
omplex (ABC) conjugated with horseradish peroxidase from Vec-
or Laboratories (UK). The secondary antibody anti-chicken Cy3-
onjugated was raised in goat and bought from Jackson Labora-
ories (UK). All antibodies and the ABC solution were prepared in
hosphate buffer saline 0.1 M (PBS; pH 7.6) containing 0.3% of
riton X-100 (PBST).
xperimental cystitis and TrkB-Ig2 administration
here were ten experimental groups in total (n4 per group). One
f the groups was not subjected to bladder inflammation and
erved as control. The remaining animals received an intraperito-
eally (i.p.) injection of cyclophosphamide (CYP, 200 mg/kg; dis-
olved in saline). This regimen was chosen based on previous
tudies showing that a single administration of CYP 200 mg/kg s
70esulted in comparable production of pro-inflammatory molecules,
uch as anandamide, and bladder overactivity as those observed
fter repeated injections of CYP 75 mg/kg (Dinis and Charrua et
l., 2004). For a period of 3 days, CYP-treated animals received
aily injections in the tail vein of 300 l of sterile saline, TrkB-Ig2
100 or 200 g) or unspecific rabbit IgG (100 or 200 g). Two
dditional groups of rats (n4 per group) were not injected with
YP but received daily intravenously (i.v.) injections of 100 or 200
g of TrkB-Ig2. To avoid stress reactions, i.v. injections were
erformed under isofluorane anaesthesia.
Two other groups of animals were also injected with CYP.
hese animals were submitted to daily intravesical administration
f TrkB-Ig2 for a period of 3 days (100 g) or saline. Treatments
ere performed under isofluorane anaesthesia (5% for induction,
% for maintenance). The bladders were catheterized with a
2-gauge polyethylene catheter inserted through the urethra.
rine was removed and the bladders were filled with either 0.5 ml
f a solution containing 100 g of TrkB-Ig2 or 0.5 ml of saline.
olutions were left in contact with the mucosa for 30 min. The
ladders were thereafter rinsed with saline, the urethral catheter
as removed and the animals were allowed to recover.
ssessment of bladder reflex activity
eventy-two hours post-CYP injection, all animals were anaes-
hetized with urethane. The bladder was exposed through a low
bdominal line and a 21-gauge needle was inserted in the bladder
ome. After a period of 30 min for stabilization, saline was infused
t a constant rate of 6 ml/h while the urethra was left unobstructed
or urine expulsion. Bladder contractions were registered for 1 h
sing a pressure transducer (World Precision Instruments) con-
ected by a side arm to the infusion tube. Animals were kept on a
eating pad to maintain body temperature at 37 °C.
ixative perfusion and spinal cord immunolabelling
nimals were perfused through the ascending aorta with 250 ml of
yrode’s solution (in mM unless otherwise specified: NaCl, 0.12
; KCl, 5.4; MgCl26H2O, 1.6; MgSO47H2O, 0.4; NaH2PO4H2O,
.2; glucose, 5.5; and NaHCO3, 26.2) followed by 750 ml of 4%
araformaldehyde. Spinal cord segments L6 were collected and
ost-fixed in the same fixative solution for 4 h and cryoprotected
vernight in sucrose 30% in phosphate buffer 0.1 M (pH 7.6). On
he following day, cord segments were cut in a freezing microtome
nto 40 m sections and stored at 20 °C in cryoprotective
olution until further processing.
When all animal testing was concluded, every second and fourth
pinal cord sections were immunoreacted against phosphoERK and
-Fos. These were chosen as their expression in the spinal cord is
pregulated in CYP-inflamed animals (Dinis et al., 2004a; Cruz et
l., 2005) and both depend on BDNF (Kerr et al., 1999; Pezet et
l., 2002; Jongen et al., 2005). After several washes in PBS,
ections were incubated for 30 min in PBS containing 0.3% hy-
rogen peroxide. After two washes in PBS and one wash in PBST,
ections were incubated for 2 h in a blocking solution (10% normal
wine serum in PBST). Sections were incubated for 48 h at 4 °C
ith phospho-specific antibody against phosphoERK (1:1000) or
gainst c-Fos (1:10000). Then, after several washes with PBST,
ections were incubated with polyclonal swine anti-rabbit biotin-
onjugated antibody (1:200). The immunoreaction was visualized
sing the ABC peroxidase-conjugated method (1:200) using 3,3=-
iaminobenzidine tetrahydrochloride (DAB; 5 min in 0.05 M Tris
uffer, pH 7.4, containing 0.05% DAB and 0.003% hydrogen
eroxide) as chromogen. Sections were mounted on gelatine-
oated slides and air-dried for 12 h, after which they were cleared
n xylene, cover-slipped and observed. In order to control the
pecificity of the primary antibodies, they were substituted by
ormal swine serum. No labelling was observed in these circum-
tances.
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The importance of the neurtrophins NGF and BDNF in bladder dysfunctionladder fixation and BDNF immunolabelling
mmediately before fixative perfusion, bladders from TrkB-Ig2
reated rats with improved bladder function were collected and
mmersed in 4% paraformaldehyde for 4 h. Then, bladders were
ryoprotected overnight in sucrose 30% in phosphate buffer 0.1 M
pH 7.6). On the following day, bladders were dissected and the
rigone sectioned in a freezing microtome and stored in cryopro-
ective solution at 20 °C until all experimental procedures were
oncluded.
One in every fourth section was immunoreacted against
DNF. Briefly, after several washes in PBS and PBST, sections
ere incubated for 1 h in blocking solution containing 10% goat
erum. Sections were incubated for 48 h at 4 °C with anti-BDNF
ntibody (1:500). Afterwards, sections were thoroughly washed and
ncubated for 1 h in anti-chicken Cy3-labelled secondary antibody.
hen, sections were washed in PBST and PBS, mounted in gelatine
oated slides and images observed in a Zeiss fluorescence micro-
cope (Zeiss AxioImager.Z1). The specificity of the antibody was
ested by incubating bladder sections in the absence of the primary
ntibody. No immunofluorescence was observed in those conditions.
aematoxylin-eosin staining procedures
ladder histology was evaluated in TrkB-Ig2 treated rats with
mproved bladder function. Thus, the remaining bladder tissue
as further dissected and the transition of the trigone to the body
as rinsed and cut in a cryostat into 10 m sections. Sections
ere then stained with haematoxylin and eosin.
ata analysis
ystometrograms were analysed using the DataTrax software
Vs. 1.804, World precision Instruments). The frequency, peak
ressure and amplitude of bladder contractions is presented as
ean valuestandard deviation. For phosphoERK and c-Fos im-
unoreactivities, positive cells were counted in 10 non-adjacent
6 spinal sections. Data are presented as average number of
mmunoreactive (IR) cells per spinal cord sectionstandard de-
iation. In all cases, statistical analysis was performed using the
ne-Way ANOVA followed by the post-hoc test Student–New-
an–Keuls in SigmaStat 3.11 software.
RESULTS
ladder reflex activity
n cystometries from unirritated control animals (Fig. 1A),
he frequency of bladder contractions observed was 0.60
.08 contractions per minute (Fig. 1E). This value was
ignificantly increased to 1.170.16/min (P0.006 vs.
on-inflamed rats) in animals with CYP-induced inflamma-
ion whether they were treated with i.v. saline (Fig. 1B, E),
r not (data not shown). I.v. injection of 100 or 200 g
rkB-Ig2 in unirritated animals did not affect bladder reflex
ctivity (data not shown). In contrast, i.v. delivery of TrkB-
g2 reduced bladder reflex contractions in CYP-inflamed
nimals. After 100 g of TrkB-Ig2, the frequency de-
reased to 0.670.13 (Fig. 1C, E; P0.01 vs. CYP-in-
amed rats injected with saline). After 200 g of TrkB-Ig2,
he frequency of bladder contractions was 0.420.31 (Fig.
D, E; P0.001 vs. CYP-inflamed rats injected with sa-
ine). I.v. injection of 100 or 200 g of unspecific IgG did
ot affect bladder function in CYP-inflamed animals (Fig.
E).
Analysis of the cystrometric recordings showed that
he peak intravesical pressure of unirritated controls was u
716.894.32 cm H2O (Fig. 1F). In animals with CYP-in-
uced cystitis that received saline, that value was 36.15
.37 cm H2O (Fig. 1F). I.v. delivery of TrkB-Ig2 did not
hange baseline intravesical pressures, the values respec-
ively being 31.304.04 cm H2O after 100 g and 27.78
.09 cm H2O after 200 g of TrkB-Ig2 (Fig. 1F). In animals
eceiving 100 and 200 g of unspecific rabbit IgG the peak
ressures of bladder contractions respectively were
3.472.68 cm H2O and 27.361.77 cm H2O (Fig. 1F).
In addition, cystometric recordings also provided data
egarding the amplitude of bladder contractions, which
eached 15.264.51 cm H2O in unirritated controls (Fig.
G). In CYP-inflamed rats receiving saline, the amplitude
f bladder contractions was 13.463.18 cm H2O. After i.v.
njection of 100 and 200 g of TrkB-Ig2, the amplitude of
ladder contractions observed respectively were 17.56
.58 and 14.785.22 cm H2O (Fig. 1G). In CYP-inflamed
nimals that received 100 and 200 g of unspecific rabbit
gG the amplitude of bladder contractions respectively
ere 14.572.01 and 13.542.77 cm H2O (Fig. 1G).
In contrast with i.v. injection of TrkB-Ig2, intravesical
elivery of saline or 100 g TrkB-Ig2 did not produce any
ffects on bladder reflex activity (data not shown). For that
eason, we proceeded with our studies by analysing only
he material collected from animals receiving i.v. injections.
pinal ERK phosphorylation in CYP-inflamed rats
njected with TrkB-Ig2
n spinal sections from CYP-inflamed animals treated with
.v. saline, numerous phosphoERK positive cells were
ound bilaterally in the superficial dorsal horns, dorsal com-
issure (DCM) and in the intermediolateral grey matter
ILGs; Fig. 2A, B). The number of phosphoERK immuno-
eactive–(IR–) cells was 48.8917.54 (Fig. 2G). I.v. injec-
ion of 100 g of TrkB-Ig2 reduced phosphoERK IR-cells to
0.414.99 (Fig. 2C, D, G; P0.05 vs. saline-treated
ats). A decrease in positive cells also occurred after 200
g of TrkB-Ig2 (22.117.39 IR-cells; Fig. 2E–G; P0.05 vs.
aline-treated rats).
-fos expression after intravenous TrkB-Ig2
n saline-treated CYP-inflamed rats many c-Fos IR-nuclei
ere observed bilaterally in the superficial dorsal horns,
ntermediolateral grey matter and in the dorsal commissure
113.7612.54; Fig. 3A, D). TrkB-Ig2 reduced c-Fos ex-
ression in all spinal cord areas to 64.9419.70 (Fig. 3B,
; P0.009 vs. saline-injected animals) and to 68.81
9.61 respectively after 100 and 200 g (Fig. 3C, D).
DNF expression in the urinary bladder
n sections obtained from intact animals, BDNF immuno-
abelling was found to be weak (Fig. 4A). Incontrast, in
YP-inflamed animals treated with saline, immunoreaction
as stronger and observed in urothelial cells (Fig. 4B).
reatment with i.v. TrkB-Ig2 did not alter the intensity of
rothelial BDNF immunolabelling, at either of the doses
sed (Fig. 4C).
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The importance of the neurtrophins NGF and BDNF in bladder dysfunctionig. 1. Typical cystometrograms of intact (A) and CYP-inflamed animals treated with saline (B), 100 g (C) or 200 g (D) of TrkB-Ig2. I.v. delivery
f TrkB-Ig2 reduced the frequency of bladder contractions to levels comparable to those observed in intact animals. I.v. injection of saline did not affect
ladder reflex activity. (E–G) Bar graph depicting the mean frequency (E), the peak pressure (F) and amplitude (G) of bladder reflex contractions of
ntact and CYP-inflamed animals. Data are presented as mean frequency of bladder contractions  SD. Intravenous delivery of TrkB-Ig2 significantly
educed bladder reflex contractions. In contrast, injection of saline or unspecific IgG did not produce any effect. No effects of saline, unspecific rabbit
gG or TrkB-Ig2 were observed on the peak pressure and amplitude of bladder contractions.
72
BS
a
o
i
w
T
s
I
B
b
w
b
(
t
f
i
e
F
E
t
a
u
B
F
(
h
p significan
R. Pinto et al. / Neuroscience 166 (2010) 907–916 911
The importance of the neurtrophins NGF and BDNF in bladder dysfunctionladder histology
ections from the bladder of cyclophosphamide-treated
nimals stained with hematoxilin and eosin showed obvi-
us signs of inflammation, including oedema and blood
nfiltration in the lamina propria (Fig. 5B), in comparison
ith intact bladders (Fig. 5A). The bladder histology of
rkB-Ig2- or unspecific rabbit IgG-treated rats was very
imilar to saline-injected animals (Fig. 5C, D).
DISCUSSION
n the present study we aimed to clarify the importance of
DNF as a mediator of bladder-generated noxious input and
ig. 2. Photomicrographs of phosphoERK positive cells in L6 spinal c
C, D) or 200 g (E, F) of TrkB-Ig2. In sections from CYP-inflamed s
orns, dorsal commissure (DCM; B) and intermediolateral gray matter a
ositive cells in sections from L6 spinal cord. I.v. delivery of TrkB-Ig2ladder overactivity in an animal model of cystitis. For that, c
73e used a recombinant protein, TrkB-Ig2, which specifically
inds to BDNF with picomolar affinity, neutralising its activity
Naylor et al., 2002; Lu et al., 2009). We found that seques-
ration of BDNF in vivo by i.v. delivery of TrkB-Ig2 reduced the
requency of bladder contractions. In contrast, intravesical
nstillation of the recombinant protein failed to produce any
ffect on bladder reflex activity of CYP-inflamed animals.
urthermore, i.v. injection of TrkB-Ig2 also decreased spinal
RK activation and c-Fos expression in L6 spinal cord sec-
ions from CYP-inflamed animals. Finally, utilizing suitable
ntibodies, we were able to detect BDNF expression in the
rinary bladder. The overall results obtained indicate that
DNF contributes to bladder overactivity and noxious input in
ons from CYP-inflamed animals treated with i.v. saline (A, B), 100 g
ted rats, phosphoERK positive cells were found in superficial dorsal
e cord (ILGs; G) Bar graph depicts the mean number of phosphoERK
tly reduced ERK activation in spinal cells. Scale bar20 m.ord secti
aline-trea
reas of thhronic bladder inflammation.
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The importance of the neurtrophins NGF and BDNF in bladder dysfunctionBDNF function in cystitis has been poorly studied. Most
tudies have focused on the importance of NGF and as-
essed the effects of NGF sequestration. Antibodies
gainst the latter neurotrophin have been delivered intra-
hecally and successfully reduced bladder overactivity in
ats with spinal cord lesions (Seki et al., 2002, 2004; for
eview see Steers and Tuttle, 2006). In addition, it has also
een recently demonstrated that i.v. administration of the
mmunoglobulin-like recombinant protein TrkA-Ig2, that
pecifically sequesters NGF, also leads to improvement of
ladder function and behavioural signs of pain during cys-
itis (Hu et al., 2005). To our knowledge, the present study
s the first one designed to sequester BDNF in rats with
ystitis. Like Hu et al., we used a recombinant protein
hich specifically sequesters a neurotrophin, in this case
ig. 3. Photomicrographs of c-Fos positive nuclei in L6 spinal cord sec
g (C) of TrkB-Ig2. In sections from CYP-inflamed saline-treated rats,
D) Bar graph depicts the mean number of c-Fos positive nuclei in se
xpression in spinal cells. Scale bar20 m.DNF (Hu et al., 2005). t
74BDNF is a trophic factor belonging to the large family of
he neurotrophins. During the developmental period, BDNF is
ecessary for the correct development of cranial sensory
eurons (Hellard et al., 2004) as well as mechanorecep-
ors innervating the Meissner and Pacinian corpuscles and
hemoreceptors innervating taste buds (Uchida et al.,
003; Sedy et al., 2004). In adulthood, BDNF is the most
bundant neurotrophin and its specific receptor TrkB is
lso widely expressed in the nervous system, suggesting
hat BDNF is important for normal neuronal function (for
eview see Merighi et al., 2004, 2008). In the peripheral
ervous system, BDNF is constitutively produced by small-
nd medium-sized dorsal root ganglion neurons (Apfel et
l., 1996; Cho et al., 1997; Michael et al., 1997), a process
hat is upregulated following NGF-dependent TrkA activa-
CYP-inflamed animals treated with i.v. saline (A), 100 g (B) or 200
ression was observed in superficial dorsal horns, DCM (B) and ILGs.
m L6 spinal cord. I.v. delivery of TrkB-Ig2 significantly reduced c-Fostions from
c-Fos exp
ctions froion in peripheral inflammation (Apfel et al., 1996; Michael
e
t
o
f
C
i
B
e
T
i
t
d
t
l
a
t
T
a
d
p
r
c
l
s
c
l
a
r
r
e
r
d
r
v
N
k
r
s
a
r
(
i
2
e
p
b
m
n
T
p
2
r
n
l
a
t
a
2
o
d
o
c
h
v
j
d
t
r
t
c
p
p
p
t
F
C
C
w
R. Pinto et al. / Neuroscience 166 (2010) 907–916 913
The importance of the neurtrophins NGF and BDNF in bladder dysfunctiont al., 1997; Kerr et al., 1999; Thompson et al., 1999). In
he present study, we also found evidence supporting the
ccurrence of BDNF synthesis in non-neuronal cells. In
act, BDNF expression in the urothelium was increased in
YP-inflamed animals. Unfortunately, the specificity of the
mmunohistochemical analysis could not be tested in
DNF knockout mice (Everaerts et al., 2009) due to their
arly lethality (Ernfors et al., 1994).
In the present study, we found that i.v. injection of
rkB-Ig2 improved bladder function, in contrast to intraves-
cal instillation of the recombinant protein. The reason why
he latter route failed to produce beneficial effects on blad-
er reflex activity may be ascribed to the specific charac-
eristics of the urothelium. Although urothelial cells are
ikely to produce BDNF, the uroplakin shield present on the
pical surface and the bladder glucosaminoglycan protec-
ive layer may have prevented the effect of intravesical
ig. 4. BDNF expression in the urothelium of intact animals (A) and
YP-inflamed rats treated with i.v. saline (B) or 200 g of TrkB-Ig2 (C).
ystitis leads to an increased expression of BDNF in urothelial cells,
hich was not affected by i.v. delivery of TrkB-Ig2. Scale bar20 m.rkB-Ig2. Nevertheless, although improving bladder reflex t
75ctivity, i.v. administration of TrkB-Ig2 did not allow the
istinction of the specific site of action of this recombinant
rotein, the peripheral extremities of bladder sensory neu-
ons, their central terminals and/or second order spinal
ord neurons. However, recent experiments using a simi-
arly recombinant protein, TrkA-Ig2, suggest that TrkB-Ig2
hould not cross the blood–brain barrier (Dawbarn and
olleagues, unpublished observations). It is thus more
ikely that i.v. TrkB-Ig2 may only be acting on bladder
fferents, either at the level of the bladder or at the dorsal
oot ganglion, preventing BDNF binding to its specific TrkB
eceptor and ultimately reducing bladder overactivity. TrkB
xpression and activation are known to be upregulated in
ats with spinal cord injury- and inflammation-induced blad-
er overactivity (Qiao and Vizzard, 2002a,b), supporting a
ole for peripheral BDNF in bladder overactivity. The rele-
ance of peripheral BDNF is currently unclear. Although
GF-mediated activation of TrkA on sensory afferents is
nown to modulate Na currents (Fjell et al., 1999a,b; for
eview see Steers and Tutle, 2006), to our knowledge
imilar findings have not been reported for BDNF. The few
vailable studies suggest that BDNF may modulate neu-
ons expressing the transient receptor potential vanilloid 1
TRPV1) (Ciobanu et al., 2009), known to be crucial for
nflammation-induced bladder overactivity (Charrua et al.,
007, 2009; for review see Avelino and Cruz, 2006). Nev-
rtheless, a central effect of BDNF may also occur. It is
ossible that BDNF, produced in the bladder and taken up
y bladder afferents or synthesized in sensory neurons
ay undergo anterograde transport to the central termi-
als of sensory afferents and released into the spinal cord.
here, BDNF may regulate neuronal function by inducing
hosphorylation of spinal TrkB receptors (Di Luca et al.,
001) and specific NMDA subunits in second order neu-
ones (Di Luca et al., 2001; Slack et al., 2004), increasing
euronal excitability. Several studies have already high-
ighted the importance of the NMDA receptor in micturition
nd bladder-generated noxious input following irritation of
he lower urinary tract (Birder and de Groat, 1992; Rice
nd McMahon, 1994; Kakizaki et al., 1996; Méen et al.,
002).
Whatever the site of action of BDNF, a profound effect
n second order neurones occurred after i.v. TrkB-Ig2
elivery. Indeed, we observed that the reduction in bladder
veractivity was accompanied by a decrease in spinal
-Fos expression and ERK activation, both of which may
ave been induced by BDNF release from afferents con-
eying bladder-generated noxious input. Indeed, one ma-
or consequence of TrkB activation in the spinal cord is the
ownstream activation of signalling pathways, including
he PLC/PKC pathway and the ERK signalling cascade (for
eview see Pezet and McMahon, 2006). It has been shown
hat intrathecal injection of BDNF or incubation of spinal
ord slices with this neurotrophin strongly induces ERK
hosphorylation whereas sequestration of the neurotro-
hin prevents ERK activation (Pezet et al., 2002). In the
resent study, levels of spinal ERK activation likely reflect
he intensity of bladder-generated sensory input arriving at
he spinal cord, as in other studies (Cruz et al., 2005). As
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The importance of the neurtrophins NGF and BDNF in bladder dysfunctionith BDNF sequestration by TrkB-Ig2, ERK blockade by
D98059, a known inhibitor of this signalling pathway, also
educed bladder overactivity in rats with cystitis (Cruz et
l., 2005). Therefore, it is possible that BDNF released
rom bladder afferents may contribute to bladder overac-
ivity via ERK activation in spinal cord neurons.
In addition, intrathecal administration of BDNF also
eads to c-Fos expression in dorsal horn neurons (Kerr et
l., 1999; Jongen et al., 2005). The expression of c-Fos in
he spinal cord has been considered for many years the
urrogate spinal marker of visceral (Birder and de Groat,
992; Cruz et al., 1994; Avelino et al., 1999; Charrua et al.,
007, 2009) and somatic noxious input (Hunt et al., 1987;
ima and Avelino, 1994; Castro et al., 2005, 2006; for
eview see Harris, 1998 and Coggeshall, 2005). In our
YP-inflamed animals receiving saline spinal c-Fos ex-
ression was upregulated. Following TrkB-Ig2 i.v. treat-
ent, there was a marked reduction, suggesting that in
ats with chronic bladder inflammation c-Fos expression is
otably dependent on BDNF. As ERK activation in the
pinal cord strongly contributes to expression of the proto-
ncogene c-Fos (Cruz et al., 2007), it is likely that BDNF-
ediated c-Fos expression depends on ERK activation.
hese results indicate that BDNF sequestration can be
xtremely effective in reducing bladder-generated noxious
nput.
Improvement of bladder reflex activity and decreased
ladder-generated noxious sensory input were not accom-
anied by a reduction of bladder inflammatory signs and
ig. 5. Bladder histology of intact animals (A) and CYP-inflamed rats tr
he similar levels of blood infiltration and oedema in the submucosa
cale bar10 m.rothelial BDNF expression. Whereas it has been demon- d
76trated that small subcutaneous or intramuscular injections
f NGF in human volunteers induces peripheral signs of
nflammation, including tenderness and flare at site of NGF
njection, and that i.v. NGF delivery produces deep pain
Svensson et al., 2003), to our knowledge no similar stud-
es using BDNF have been performed. Nonetheless, avail-
ble data suggest that BDNF does not contribute to pe-
ipheral inflammation and favours a more central effect of
his neurotrophic factor. In fact, if BDNF plays a peripheral
nflammatory role, i.v. TrkB-Ig2 should have ameliorated
eripheral inflammatory signs.
CONCLUSION
he present study provides evidence that BDNF is impor-
ant for bladder overactivity arising from persistent bladder
nflammation. Sequestration of BDNF by i.v. injection of a
pecific BDNF sequestering agent, TrkB-Ig2, improved
ladder function and reduced bladder-generated noxious
ensory input, as shown by decreased frequency of blad-
er reflex activity, ERK activation and c-Fos expression.
equestration of BDNF did not, however, improve bladder
nflammation indicating that BDNF does not act directly on
eripheral tissues. The precise site of action of TrkB-Ig2
emains to be clarified, although results favour a peripheral
ffect of BDNF sequestration. Future studies will be re-
uired to elucidate whether TrkB-Ig2 will be a useful ther-
peutic option for the treatment of painful bladder disor-
h i.v. saline (B), 100 g of TrkB-Ig2 (C) or 200 g of TrkB-Ig2 (D). Note
in all sections from CYP-inflamed rats, regardless of the treatment.eated witers, such as interstitial cystitis.
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The importance of the neurtrophins NGF and BDNF in bladder dysfunctionNeuroscience 234 (2013) 88–102BRAIN-DERIVED NEUROTROPHIC FACTOR, ACTING AT THE SPINAL
CORD LEVEL, PARTICIPATES IN BLADDER HYPERACTIVITY AND
REFERRED PAIN DURING CHRONIC BLADDER INFLAMMATIONB. FRIAS, a,b S. ALLEN, c D. DAWBARN, c A. CHARRUA, a,b
F. CRUZ b,d AND C. D. CRUZ a,b*
aDepartment of Experimental Biology, Faculty of Medicine of
Porto, University of Porto, Portugal
b IBMC – Instituto de Biologia Molecular e Celular, Universidade
do Porto, Portugal
cMolecular Neurobiology Unit, University of Bristol, School of
Clinical Sciences, Dorothy Hodgkin Building, Bristol, UK
dDepartment of Urology, Hospital de S. Joa˜o and Faculty
of Medicine, Porto, PortugalAbstract—Brain-derived neurotrophic factor (BDNF) is a
neurotrophin (NT) known to participate in chronic somatic
pain. A recent study has indicated that BDNF may partici-
pate in chronic cystitis at the peripheral level. However,
the principal site of action for this NT is the central nervous
system, most notably the spinal cord. The eﬀects of cen-
trally-acting BDNF on bladder function in normal animals
and its central role during chronic cystitis are presently
unknown. The present study was undertaken to clarify this
issue. For that purpose, control non-inﬂamed animals were
intrathecally injected with BDNF, after which bladder func-
tion was evaluated. This treatment caused short-lasting
bladder hyperactivity; whereas chronic intrathecal adminis-
tration of BDNF did not elicit this eﬀect. Cutaneous sensitiv-
ity was assessed by mechanical allodynia as an internal
control of BDNF action. To ascertain the role of BDNF in
bladder inﬂammation, animals with cyclophosphamide-
induced cystitis received intrathecal injections of either a
general Trk receptor antagonist or a BDNF scavenger.
Blockade of Trk receptors or BDNF sequestration notably0306-4522/12 $36.00  2013 IBRO. Published by Elsevier Ltd. All rights reserve
http://dx.doi.org/10.1016/j.neuroscience.2012.12.044
*Correspondence to: C. D. Cruz, Department of Experimental
Biology, FMUP, Alameda Hernaˆni Monteiro, Portugal. Tel: +351-
22-551-36-54; fax: +351-22-551-36-55.
E-mail address: ccruz@med.up.pt (C. D. Cruz).
 David Dawbarn passed away unexpectedly during the preparation
of this manuscript. During his career he won numerous awards for his
innovative research into Alzheimer’s disease and the neurotrophins.
His passion for proteins and drug design was evident to colleagues and
students alike, and his courageous spirit of determination led him to
challenge many scientiﬁc dogmas. His work, leading towards the
design of small molecules for the treatment of Alzheimer’s disease and
pain, continues. His death is a great loss to his family and to numerous
colleagues and friends worldwide. This study is published in his
memory.
Abbreviations: ABC, avidin–biotin complex; ANOVA, analysis of
varience; AUC, area under the curve; BDNF, brain-derived
neurotrophic factor; CYP, cyclophosphamide; DAB, 3,3-
diaminobenzidine-tetrahydrochloride; DCM, dorsal commissure; DH,
dorsal horns; ERK, extracellular signal-regulated kinase; ILG,
intermediolateral grey matter; IR, immunoreactive; MTs, mechanical
thresholds; NTs, neurotrophins; PBS, phosphate-buﬀered saline 0.1 M;
PBST, PBS containing 0.3% Triton X-100; SD, standard deviation.
81improved bladder function. In addition, these treatments
also reduced referred pain, typically observed in rats with
chronic cystitis. Reduction of referred pain was accompa-
nied by a decrease in the spinal levels of extracellular sig-
nal-regulated kinase (ERK) phosphorylation, a marker of
increased sensory barrage in the lumbosacral spinal cord,
and spinal BDNF expression. Results obtained here indi-
cate that BDNF, acting at the spinal cord level, contributes
to bladder hyperactivity and referred pain, important hall-
marks of chronic cystitis. In addition, these data also sup-
port the development of BDNF modulators as putative
therapeutic options for the treatment of chronic bladder
inﬂammation.  2013 IBRO. Published by Elsevier Ltd. All
rights reserved.
Key words: bladder, BDNF, visceral pain, inﬂammation, cys-
titis, bladder hyperactivity.
INTRODUCTION
Brain-derived neurotrophic factor (BDNF) is a tissue-
derived trophic protein, belonging to the family of
neurotrophins (NTs) (Pezet and McMahon, 2006).
Expression of BDNF begins early in the development
and continues throughout the adult lifespan. In the
embryo, known BDNF functions include the
diﬀerentiation of CNS stem cells and regulation of the
development of the neural tube and dopaminergic
networks (Ahmed et al., 1995; Jungbluth et al., 1997;
Fumagalli et al., 2006). In the adult brain, BDNF
contributes to learning and memory formation (Shu and
Mendell, 1999) and regulates locomotor activity and
appetite (Kernie et al., 2000; Hashimoto et al., 2005;
Merighi et al., 2008; Hashimoto, 2010).
BDNF is also synthesized in small-to-medium dorsal
root ganglia neurons (Kerr et al., 1999; Thompson et al.,
1999). BDNF is stored in dense-core synaptic vesicles at
the terminals of these neurons which also contain
calcitonin gene-related peptide (CGRP) and Substance P
(Salio et al., 2005, 2007; Merighi et al., 2008). Noxious
stimulation induces the release of BDNF in the dorsal
horn as shown by increased amounts of BDNF in the
superfused medium in the hemicord preparation following
capsaicin or electrical C-ﬁbre stimulation (Lever et al.,
2001). In vivo, acute intrathecal injection of BDNF
decreases the hindpaw threshold to noxious stimulation
(Shu et al., 1999; Shu and Mendell, 1999; Groth and
Aanonsen, 2002). Moreover, direct application of BDNF
to the spinal cord induces extracellular signal-regulatedd.
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et al., 2004, 2005), involving an established pathway in
pain processing at the spinal cord level (Cruz and Cruz,
2007; Ji et al., 2009). In the spinal cord, the high-aﬃnity,
tyrosine kinase receptor for BDNF, TrkB, is found in
neuronal proﬁles postsynaptic to primary aﬀerents (Salio
et al., 2005; Merighi et al., 2008). Overall, these data
support the participation of BDNF in noxious processing
at the spinal cord level.
Recent studies have suggested the participation of
BDNF in visceral pain. Visceral pain is, by deﬁnition, a
referred pain, felt at somatic structures distant from the
aﬀected viscera. In humans, BDNF was upregulated in
the inﬂamed pancreas, in nerve ﬁbres, gland and duct
cells, and this upregulation correlated with increased pain
levels (Zhu et al., 2001). Likewise, in an animal model of
pancreatitis, BDNF was also upregulated in the spinal
cord and sensory neurons, correlating with abdominal
pain (Hughes et al., 2011). In this case, BDNF
inactivation resulted in the reduction of referred pain felt
in the abdominal wall (Hughes et al., 2011). In the
bladder, a recent study provided indirect proof that in rats
BDNF could participate in bladder hyperactivity and
visceral pain caused by chronic inﬂammation (Pinto et al.,
2010). When originating in the bladder, visceral pain is
known to be referred to the lower abdomen, perineal
region and inner thighs (Jarrell, 2009). Bladder
inﬂammation resulted in increased BDNF expression in
the urothelium, and peripheral BDNF sequestration by
intravenous administration of TrkB-Ig2, a recombinant
protein that neutralizes BDNF actions (Banﬁeld et al.,
2001; Naylor et al., 2002), reduced bladder hyperactivity
and spinal expression of c-Fos and phosphoERK (Pinto
et al., 2010), known spinal markers of noxious input
(Coggeshall, 2005; Ji et al., 2009). This eﬀect was most
probably due to the prevention of BDNF binding to TrkB
receptors, present in the peripheral branch of the bladder
aﬀerents, given the molecular weight of TrkB-Ig2.
However, none of these studies has addressed the role
of BDNF acting at the spinal cord level on visceral
dysfunction and referred pain, a matter we aimed to
clarify in the present study.
For this purpose, control non-inﬂamed animals were
submitted to acute or chronic intrathecal administration of
BDNF followed by the evaluation of bladder function. In
addition, the eﬀects of BDNF sequestration by intrathecal
injections of TrkB-Ig2 on bladder function were also
assessed in animals with cyclophosphamide (CYP)-
induce cystitis. In all experiments, cutaneous sensitivity
was assessed as an internal control of BDNF action.EXPERIMENTAL PROCEDURES
2.1 Animals
Female Wistar rats from Charles River (France) weighing 200–
250 g were used in all experiments. Experiments were carried
out according to the European Commission Directive of 22
September 2010 (2010/63/EU) following ethical guidelines for
the investigation of experimental pain in animals (Zimmermann,
1983). All eﬀorts were made to reduce animal stress and82suﬀering as well as the number of animals used. Animals were
kept on a 12-h dark/light cycle, in a temperature-controlled
environment with ad libitum access to food and water.
2.2 Chemicals and reagents
Surgery for placement of a silicone catheter in the intrathecal
space was performed under deep anaesthesia induced by
intraperitoneal injection of a mixture of medetomidine (0.25 mg/
kg) and ketamine (60 mg/kg), diluted in sterile saline. For
cystometries and terminal handling, rats received a
subcutaneous bolus of urethane (1.2 g/kg) as anaesthetic.
Chronic bladder inﬂammation was induced by a single
intraperitoneal injection of cyclophosphamide (CYP; 200 mg/kg)
(Baxter Me´dico Farmaceˆutica, Ltda, Portugal), according to
previous studies (Dinis et al., 2004; Kim et al., 2004; Pinto et al.,
2010). The nonspeciﬁc antagonist of tyrosine kinase receptors,
k252a, was purchased from Calbiochem (UK) and dissolved in
dimethylsulphoxide (DMSO). The recombinant protein TrkB-Ig2,
which is an immunoglobulin-like domain that binds to BDNF with
picomolar aﬃnity, was produced in house and diluted in 20 mM
Tris buﬀer pH 8.2, 100 mM NaCl and 10% glycerol (Banﬁeld
et al., 2001). Recombinant BDNF (Millipore, Temecula, CA,
USA; Ref. GF029) was prepared in distilled ultrapure water.
Rabbit anti-phosphoERK1/2 protein, was obtained from
Neuromics, USA. Biotin-conjugated swine anti-rabbit was
purchased from Dakopatts A/5 (Copenhagen, Denmark). The
avidin–biotin complex (ABC) Vecstastain Elite kit (avidin–biotin
complex), conjugated with horseradish peroxidase (HRP), was
purchased from Vector Laboratories (Peterborough, UK). The
rabbit anti-BDNF antibody was obtained from Millipore
(Watford, UK; Ref. AB1779). Alexa-ﬂuor 568 donkey anti-rabbit
was purchased from Molecular Probes Europe. Antibodies
and the ABC complex were prepared in phosphate-buﬀered
saline 0.1 M (PBS) containing 0.3% Triton X-100 (PBST).
2.3 Surgery
Female Wistar rats (n= 5 animals per experimental group)
underwent surgical implantation of a silicone catheter (SF
Medical, Hudson, MA, USA) as described in previous studies
(Kerr et al., 1999; Cruz et al., 2005). Catheters were placed into
the lumbar subarachnoid space at the L5/L6 spinal cord level.
Brieﬂy, a laminectomy was performed between T9 and T10, and
the meninges were pierced. The catheter was inserted under the
subarachnoid membrane and pushed until the tip reached the
L5-L6 spinal cord segment. The other end of the silicone
catheter was externalized for the delivery of saline, k252a, TrkB-
Ig2 or BDNF and sealed until further manipulation. Animals were
allowed to recover from surgery for 4 days, during which they
were carefully monitored. In the case of animals receiving
chronic administration of sterile saline or BDNF, the tip of the
catheter was connected to an osmotic pump (Alzet, Palo Alto,
CA, USA; Ref. 2001). The pump was placed subcutaneously
between the scapulas and remained there for 5 days.
2.4 Cystometry
In the ﬁrst group of cystometries, the eﬀect of BDNF
administration on bladder reﬂex activity was assessed. Urinary
bladders were exposed through a low abdominal midline
incision and a 21-gauge needle was inserted into the bladder
dome for saline infusion. Animals were left untouched for 15–
30 min to allow bladder stabilization. Body temperature was
maintained at 36–37 C with a heating pad. The urethra
remained unobstructed throughout the experiment so that
infused saline could easily be expelled by bladder contractions.
After bladder stabilization, saline infusion was initiated and
bladder reﬂex activity was recorded for approximately 30 min.
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6 mL/h whilst bladder contractions were registered by a pressure
transducer (WPI Instruments) connected to a computer. Animals,
previously submitted to surgical placement of an intrathecal
catheter, received acute sequential injections of 20 ll of saline
and BDNF solution (0.01, 0.1 and 1.5 lg) every 30 min,
followed by a 20 ll saline ﬂush to ensure complete solution
delivery.
For chronic NT treatment, animals with an osmotic mini pump
underwent cystometry on the 6th treatment day with BDNF (1 ll/
h; 1.5 lg/day).
In another set of experiments, the eﬀect of general NTs
blockade and BDNF sequestration on bladder reﬂex activity in
CYP-inﬂamed animals was also evaluated to identify the role of
BDNF in bladder function in chronic cystitis. Similar to the
protocol for acute BDNF administration, saline (20 ll), k252a (2
and 6 lg) or TrkB-Ig2 (1 and 10 lg) was intrathecally injected
every 30 min, followed by a 20 ll saline ﬂush; bladder reﬂex
activity was recorded throughout.
At the end of the experiments, animals were perfused and
the position of the catheter veriﬁed. The cystometrograms
obtained were analysed using the DataTrax software (version
1.804, World Precision Instruments). The frequency, peak
pressure and amplitude of bladder contractions, and area under
the curve (AUC) of bladder contractions were determined in the
diﬀerent phases of the experiments.
2.5 Cutaneous mechanical sensitivity: Von Frey test
The mechanical thresholds (MTs) were established with the Von
Frey monoﬁlaments using the up-down method. Rats were
placed in individual chambers (23  17  14 cm) with a wire
mesh ﬂoor and allowed to acclimatise for 15 min or until cage
exploration stopped. The habituation to the testing conditions
lasted 3 days. Cutaneous sensitivity was analysed in the lower
abdomen and in the right hindpaw, known to be areas of
referred pain associated with visceral pathologies (Jarrell,
2009). The hindpaw was chosen instead of the inner thigh due
to diﬃculty in touching this area with the von Frey ﬁlaments. No
diﬀerences were found between the sensitivity of the right and
left hindpaws (data not shown). To determine the abdominal or
hindpaw MT, the lower abdominal region and the right hindpaw
were touched with one of a series of eight Von Frey
monoﬁlaments (rated at 2, 4, 6, 8, 15, 26, 60, and 100 g).
Filaments were applied 5 s perpendicularly to the plantar
surface with enough strength to cause the monoﬁlament to
slightly bend. Each ﬁlament was tested ﬁve times, with an
interval of 30 s between ﬁlaments. Testing was initiated with
the 2-g monoﬁlament. The remaining ﬁlaments were applied in
a consecutive fashion. In the case of no response to the
ﬁlament, the next-stronger monoﬁlament was applied. A
positive response was recorded when the animal reacted to the
ﬁlament (sharp paw withdrawal, licking of the paw or jump) in
three out of the ﬁve ﬁlament applications.
In the ﬁrst part of this work, regarding the eﬀects of
intrathecal BDNF administration, the MTs of the abdominal
region and of the right hindpaw were determined after
intrathecal injection of saline or 1.5 lg of BDNF. As described
above, the injected volume was 20 ll followed by a 20 ll saline
ﬂush. Baseline values were determined prior to surgical
placement of the intrathecal catheter (acute NT administration)
and before catheter placement and attachment of mini-osmotic
pumps to the catheter (chronic NT administration). The
evaluation of the acute eﬀect of intrathecal injections of saline
or BDNF (1.5 lg) in non-inﬂamed animals was performed for
30 min and initiated immediately after injection. The eﬀect of
chronic administration of saline or BDNF was evaluated daily
for 5 days. BDNF was delivered at a rate of 1.5 lg per day.
In the second part of this work, regarding the eﬀect of BDNF
blockade, the MTs of the lower abdominal region and right
hindpaw of the animals were determined before (baseline MT)83and after the induction of bladder inﬂammation. After
establishing the baseline MT, animals were injected with CYP.
At 4, 24 and 48 h post-CYP injection, animals received
intrathecal injections of saline, k252a (2 or 6 lg), and TrkB-Ig2
(1 or 10 lg) in a ﬁnal volume of 20 ll. Each injection was
followed by a 20 ll ﬂush of saline to assure complete drug
delivery. Fifteen minutes later, the MT of the lower abdomen
and right hindpaw were determined.
2.6 Perfusion and immunocytochemistry
After cystometry or behavioural assessment, animals were
perfused through the ascending aorta with cold oxygenated
calcium-free Tyrode’s solution (0.12 M NaCl, 5.4 mM KCl,
1.6 mM, MgCl2.6H2O, 0.4 mM MgSO4.7H2O, 1.2 mM
NaH2PO4.H2O, 5.5 mM glucose, 26.2 mM NaHCO3), followed
by 4% buﬀered paraformaldehyde. The dissection of the
perfused nervous tissue allowed the conﬁrmation of the position
of the intrathecal catheter. The spinal cord segments L5-L6
were collected, post-ﬁxed for 4 h and cryoprotected for 24 h in
30% sucrose with 0.1% sodium azide in 0.1 M phosphate buﬀer.
Transverse 40-lm sections of the collected spinal cord
segments were cut on a freezing microtome and stored in
cryoprotective solution at 20 C until tested for phosphoERK
immunoreactivity. After inhibition of endogenous peroxidase
activity and thorough washes in PBS and PBST, sections were
incubated in 10% normal swine serum in PBST for 2 h.
Sections were then incubated for 48 h at 4 C with a speciﬁc
antibody against phosphoERK1/2 (1:1000). Subsequently,
sections were washed and incubated with polyclonal swine
anti-rabbit biotin conjugated antibody (1:200). In order to
visualize the immunoreactions, the ABC conjugated with
peroxidase (1:200) method was used with the chromogen 3,3-
diaminobenzidine-tetrahydrochloride (DAB; 5 min in 0.05 M Tris
buﬀer, pH 7.4 containing 0.05% DAB and 0.003% hydrogen
peroxide). Sections were mounted on gelatine-coated slices
and air-dried for 12 h, cleared in xylene, mounted with Eukitt
mounting medium and cover-slipped.
BDNF immunoreactivity was also measured in spinal
sections from CYP-inﬂamed animals receiving saline or TrkB-
Ig2. Cryoprotected cord sections were thoroughly washed in
PBS and PBST. Sections were incubated in 10% normal goat
serum in PBST for 2 h, after which they were incubated for
48 h at 4 C in anti-BDNF antibody (1:1000). Sections were
then washed in PBST and incubated for 1 h in Alexa-ﬂuor 488
goat anti-rabbit (1:2000). After this, sections were mounted in
Vectashield mounting medium and observed using a Zeiss
microscope (Axioimager Z1). Eight random transverse sections
per animal were selected for analysis. The software used for
analysis was Fiji Software (based on ImageJ, http://
rsb.info.nih.gov/ijJava1.6.0_20, 32 bit) to determine the average
intensity of BDNF immunoﬂuorescence within the dorsal horns
(DH). Background intensity was deducted from the average
intensity to calculate the mean net staining intensity.
To control for speciﬁcity of phosphoERK and BDNF
immunoreactions, spinal sections were incubated in PBST in
the same conditions (4 C, 48 h) in the absence of the
respective antibodies. No positive staining was observed under
these conditions.
2.7 Quantiﬁcation and statistics
Cystometrograms were analysed using Data Trax software
(version 1.804; World precision Instruments). The frequency of
bladder contractions, peak pressure, amplitude of bladder
contraction and AUC were analysed by using Kruskal–Wallis
One-Way repeated measures analysis of varience (ANOVA) in
SigmaStat software. Data are presented as mean
value ± standard deviation (SD) and p< 0.05 was considered
to be statistically signiﬁcant.
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The importance of the neurtrophins NGF and BDNF in bladder dysfunctionThe behavioural data obtained following intrathecal BDNF
administration, in the presence or absence of k252a or TrkB-Ig2
were analysed using One-Way repeated measures ANOVA,
which was followed by the post hoc Student–Newman–Keuls
test using SigmaStat 3.11 software. In all cases, p< 0.05 was
considered to be statistically signiﬁcant. Data are presented as
the mean ± SD.
PhosphoERK1/2 expression was analysed in spinal sections
from CYP-inﬂamed animals that received intrathecal saline,
k252a or TkB-Ig2 and had also been assessed for behavioural
changes. The number of phosphoERK immunoreactive (IR)-
cells was counted in the DH, dorsal commissure (DCM) and0
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84intermediolateral grey matter areas of the cord (ILGs) in 10
non-contiguous spinal cord sections. In this case, statistical
analysis was performed using One-Way ANOVA followed by
the post hoc Student–Newman-Keuls test, using SigmaStat
3.11 software. Data are presented as mean number of IR-cells
per spinal cord section ± SD and p< 0.05 was considered
statistically signiﬁcant.
The intensity of BDNF immunoﬂuorescence in rats receiving
saline of TrkB-Ig2 was compared using One-Way ANOVA,
followed by the post hoc Student–Newman–Keuls test in
SigmaStat 3.11 software. p< 0.05 was considered to be
statistically signiﬁcant.B: 0.01 µg BDNF
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ctions, peak pressure and AUC remained unchanged in non-inﬂamed
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The presence of inﬂammation was assessed in non-inﬂamed
animals (n= 4) and in all animals receiving saline or CYP
using haematoxylin–eosin staining to assess bladder histology.
Bladders were ﬁxed overnight in 10% buﬀered formalin solution
and blocked in paraﬃn on the following day. Bladder tissue
was sectioned into 6-lm sections. Sections were then stained
with haematoxylin and eosin.RESULTS
Exogenous administration of BDNFBladder reﬂex activity after intrathecal administration of
BDNF to non-inﬂamed rats. To evaluate the acute eﬀect
of BDNF on bladder reﬂex activity, non-inﬂamed rats
received sequential intrathecal injections of increasingly
greater amounts of BDNF, in a total of three injections
per animal. At baseline, the frequency of bladder con-
tractions of control animals was 0.46 ± 0.1 contraction/
min (Fig. 1A, E). Administration of the lowest dose of
BDNF (0.01 lg) resulted in a non-signiﬁcant increase
to (0.75 ± 0.4 contractions/min; Fig. 1B, E). After
intrathecal treatment with 0.1 lg and 1.5 lg of BDNF,0
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Fig. 2. (A, B) Representative cystometrograms of non-inﬂamed animals rec
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BDNF-treated animals showed no changes in the frequency (C), peak press
??the frequency of bladder contractions signiﬁcantly
increased to 1.20 ± 0.2 and 1.40 ± 0.3 contractions/
minute, respectively (p< 0.001 versus control animals;
Fig. 1C–E). This increased frequency of bladder
contractions was only observed in the 10-min period
following BDNF administration, after which the
frequency of bladder contractions returned to the
baseline. Changes in the frequency of bladder reﬂex
were not accompanied by alterations in the peak
pressure, amplitudes of bladder contractions and AUC
(respectively, Fig. 1F–H).
The eﬀect of chronic intrathecal administration of
BDNF on bladder function was studied by using mini-
osmotic pumps for chronic delivery of sterile saline or
BDNF. BDNF was administered at a rate of 1 ll/h
(1.5 lg/day) for 5 days. Measurements were taken on
the sixth day. In animals receiving chronic saline, the
frequency of bladder contractions was 0.38 ± 0.1
contractions/minute (Fig. 2A, C), similar to that observed
in control non-manipulated rats. Chronic intrathecal
BDNF treatment did not signiﬁcantly alter the frequency
of bladder contractions (0.47 ± 0.1 contractions/min;
Fig. 2B, C). As observed following acute intrathecal
BDNF injection, no changes were observed in the peak0
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The importance of the neurtrophins NGF and BDNF in bladder dysfunctionpressure, amplitudes of bladder contractions and AUC
(respectively, Fig. 2D–F).Cutaneous sensitivity after acute and chronic intrathe-
cal administration of BDNF to non-inﬂamed rats. In this
set of experiments, the eﬀects of acute BDNF
administration on animal behaviour were evaluated
immediately after intrathecal injection of saline and
1.5 lg of BDNF. In control non-inﬂamed animals treated
with saline, the basal MT on the abdominal region was
60.00 ± 0.2 g, remaining constant throughout the period
of testing (Fig. 3A). The group of animals treated with
BDNF presented with a basal abdominal MT of
48.60 ± 15.1 g (Fig. 3A). Acute intrathecal
administration of 1.5 lg of BDNF caused a signiﬁcant
reduction (p< 0.001 between 4 and 19 min and
p< 0.05 22–24 min versus non-inﬂamed animals
treated with saline; Fig. 3A). The minimum value
(7.30 ± 0.9 g) was observed 12 min after BDNF
administration (Fig. 3A). After this time point, the
abdominal MT returned to baseline values.*******
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Fig. 3. Mechanical thresholds (MTs) of the lower abdomen (A) and rig
administration of saline and BDNF (1.5 lg). (A) In the lower abdomen of
throughout the testing period. The group of animals treated with BDNF prese
25th min (4th-19th min ⁄⁄⁄p< 0.001; 22nd–24th min ⁄p< 0.05 versus salin
animals was changed by the intrathecal treatment. The group of animals rece
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between animals.
86On the right hindpaw, the basal MT of control animals
treated with saline was 26.00 ± 0.3 g and remained at
similar values throughout the whole testing period
(Fig. 3B). In the group of animals that received 1.5 lg
intrathecal BDNF the baseline hindpaw MT was
26.00 ± 0.5 g (Fig. 3B). Intrathecal BDNF administration
resulted in a signiﬁcant (p< 0.05 versus control animals
treated with saline) reduction of MT in the hindpaw; in
all animals the minimum value was observed 17 min
after BDNF administration (10.00 ± 0.0 g). After the 22-
min time point, the MT increased again to baseline values.
The eﬀects of chronic intrathecal treatment of BDNF
on cutaneous sensitivity were also assessed. In the
group of animals administered saline chronically, the
abdominal baseline MT was 60.00 ± 0.2 g (Fig. 4A). A
decrease of the MT to 15.00 ± 0.1 g was observed, at
24 h post-CYP possibly due to the subcutaneous
placement of the osmotic mini-pump. The abdominal MT
increased to 26.00 ± 0.0 g at the remaining time points.
In the group of animals receiving chronic BDNF (1 ll/h;
1.5 lg/day), the baseline abdominal MT on the lowerBDNF
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ht hindpaw (B) from non-inﬂamed animals after acute intrathecal
non-inﬂamed animals receiving saline, the MTs remained constant
nted a signiﬁcant reduction of the abdominal MT between the 4th and
e-treated animals). (B) In the right hindpaw, the MT of saline-treated
iving BDNF showed a reduction in the MT between the 6th and 22nd
ts, error bars (±SD) are not visible as there was no variation in values
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MT signiﬁcantly decreased 24 h after intrathecal
placement of the osmotic pump and remained similarly
low until the end of the behavioural assessment. The
MT values registered were 9.50 ± 5.5 g at 24 h,
6.00 ± 2.0 g at 48 h (p< 0.05 versus saline-treated
animals), 6.00 ± 0.0 g at 72 h and 6.00 ± 0.0 g at 96 h
(p< 0.001 versus saline-treated animals; Fig. 4A).
In the right hindpaw, the baseline MT of animals
receiving chronic saline was 26.00 ± 0.1 g (Fig. 4B). In
this group of animals, the hindpaw MT decreased to
15.00 ± 0.1 g at 24 h post-CYP and remained constant
at all time points thereafter (Fig. 4B). Chronic
administration of BDNF also resulted in a reduction of
MT in the hindpaw at all time points of the experiment.
The MT signiﬁcantly decreased from 26.00 ± 0.1 g at
baseline to 17.00 ± 12.2 g at 24 h, 10.50 ± 6.4 g at
48 h, 6.00 ± 0.0 g at 72 h (p< 0.001 versus saline-
treated animals) and 7.00 ± 1.4 g at 96 h (p< 0.05
versus saline-treated animals; Fig. 4B).0
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Fig. 4. Mechanical thresholds (MTs) of the lower abdomen (A) and
right hindpaw (B) from non-inﬂamed animals after chronic intrathecal
infusion of saline and BDNF (1.5 lg/day) during 5 days. (A) In the
lower abdomen, saline-treated animals presented a decrease in the
MT 24 h after placement of the osmotic pump, increasing at later time
points. In the group of animals receiving chronic BDNF, the MT was
signiﬁcantly reduced at all experiment time-points in comparison with
saline-treated animals (⁄p< 0.05 at 48 h; ⁄⁄⁄p< 0.001) at 72–96 h.
(B) In the right hindpaw, the MT of non-inﬂamed animals treated with
saline remained unaltered. Chronic infusion of BDNF lead to a
signiﬁcant reduction in the MT only at 72 h (⁄p< 0.001) and 96 h of
treatment (⁄p< 0.05) when compared to saline-treated animals. For
some points, error bars (±SD) are not visible as there was no
variation in values between animals.
??Blockade of Trk receptors and BDNF sequestration
As exogenous administration of BDNF resulted in
heightened bladder reﬂex activity and increased
cutaneous sensitivity, we sought to investigate if BDNF
blockade would improve bladder hyperactivity and
referred pain in rats with cystitis. For that, we used
k252a, a general blocker of Trk receptors, and TrkB-Ig2,
a BDNF scavenger (Banﬁeld et al., 2001; Naylor et al.,
2002).Fig. 5. (A–C) Bladder histology of control non-inﬂamed and CYP-
inﬂamed animals treated with saline. Scale bar = 20 lm. (A, B)
Bladder tissue of non-inﬂamed animals was unchanged after saline
treatment. (C) In contrast, bladders from CYP-inﬂamed animals
treated with saline presented obvious signs of inﬂammation, blood
inﬁltration and oedema in the lamina propria and a reduced thickness
of the urothelium.
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The importance of the neurtrophins NGF and BDNF in bladder dysfunctionBladder histology. Sections from the bladder of CYP-
treated animals stained with haematoxilin and eosin
showed obvious signs of inﬂammation (Fig. 5C), in
comparison with bladders from non-inﬂamed (Fig. 5A)
and CYP-inﬂamed rats treated with saline (Fig. 5B).
Inﬂammation signs observed included oedema and
blood inﬁltration in the lamina propria as well as reduced
thickness of the urothelium.Bladder reﬂex activity after intrathecal injection of
saline, k252a and TrkB-Ig2 in CYP-inﬂamed rats. To
explore if BDNF blockade would improve bladder
function in chronic bladder inﬂammation, animals with
chronic CYP-induced cystitis received intrathecal saline,
k252a or TrkB-Ig2 whilst bladder reﬂex activity was
registered. Increasingly greater amounts of k252a or
TrkB-Ig2 were injected every 30 min. K252a was used
as an comparison for TrkB-Ig2-mediated eﬀects on
bladder function and behaviour. At baseline, the
frequency of bladder contractions from CYP-inﬂamed
animals was 0.96 ± 0.1 contractions/minute (Figs. 6B
and 7A), a value signiﬁcantly higher than that observed
in non-inﬂamed control animals (0.50 ± 0.1
contractions/minute; p< 0.05; Figs. 6A and 7A). The
treatment with intrathecal saline did not alter bladderA: Control
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Fig. 6. (A–G) Representative cystometrograms of control and CYP-inﬂamed
Ig2 (1 and 10 lg). Saline, k252a, or TrkB-Ig2 was administered via the intrathe
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88frequency, which remained at 1.00 ± 0.5 contractions/
minute (Figs. 6C and 7A). After intrathecal
administration of k252a, the frequency of bladder
contractions was signiﬁcantly reduced to 0.60 ± 0.4
(after 2 lg; p< 0.05 versus saline; Figs. 6D and 7A)
and 0.66 ± 0.4 contractions/minute (after 6 lg;
p< 0.05 versus saline; Figs. 6E and 7A).
The frequency of bladder contractions in CYP-
inﬂamed animals treated with TrkB-Ig2 was also reduced
following intrathecal administration of 1 and 10 lg of
TrkB-Ig2, respectively being 0.40 ± 0.1 and 0.30 ± 0.1
contractions/minute (p< 0.05 versus saline; Figs. 6F,
G, and 7A). No changes in the peak pressure and
amplitudes of bladder contractions and AUC occurred
after intrathecal administration of k252a or TrkB-Ig2
(Fig. 7B–D).Referred pain after intrathecal injection of saline,
k252a and TrkB-Ig2 in CYP-inﬂamed rats. The group of
CYP-inﬂamed animals receiving intrathecal saline
presented a signiﬁcant decrease on the abdominal MT at
4, 24 and 48 h post-CYP injection when compared to
values registered before the induction of bladder
inﬂammation (Figs. 8A and 9A). Intrathecal administration
of 2 or 6 lg of k252a caused a signiﬁcant improvement ofs 10
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line (C). The group of CYP-inﬂamed rats treated with k252a (D, E) and
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Fig. 7. (A–D) Histograms showing the mean frequency (A), peak
pressure (B) and amplitude (C) of bladder contractions and AUC (D)
of CYP-inﬂamed animals treated with saline, k252a (2 and 6 lg), and
TrkB-Ig2 (1 and 10 lg). (A) The frequency of bladder contractions of
CYP-inﬂamed animals receiving saline was signiﬁcantly elevated
when compared to control non-inﬂamed rats (⁄p< 0.05). No diﬀer-
ences were found after intrathecal treatment with saline. The urinary
frequency of CYP-inﬂamed animals was signiﬁcantly reduced after
intrathecal treatment with 2 and 6 lg of k252a (⁄p< 0.05 versus
CYP-inﬂamed animals receiving saline), 1 and 10 lg of TrkB-Ig2
(⁄p< 0.05 versus CYP-inﬂamed animals receiving saline). (B–D)
The amplitude of bladder contractions, peak pressure and AUC
remained unchanged between groups.
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Fig. 8. (A, B) Mechanical thresholds (MTs) of the lower abdomen (A)
and right hindpaw (B) of CYP-inﬂamed animals, injected intrathecally
at 4, 24 and 48 h post-CYP injection, with saline and k252a (2 and
6 lg). Saline or k252a was administered 15 min prior to the
determination of the MT with the von Frey monoﬁlaments. In the
lower abdomen (A), the MT was signiﬁcantly decreased (⁄p< 0.05
versus before CYP injection) by inﬂammation and not changed by
saline administration. The MT remained low until the end of the
experiment. The abdominal MT of CYP-inﬂamed animals treated with
2 and 6 lg of k252a was signiﬁcantly increased at 4, 24 and 48 h-post
injection (⁄p< 0.05) in comparison to CYP inﬂamed saline-treated
animals. In the right hindpaw (B) the MT decreased only 24 h after
CYP administration (#p< 0.05 versus before CYP injection). No
diﬀerences were found after intrathecal treatment with saline. In the
group of inﬂamed animals receiving k252a, the abdominal MT was
signiﬁcantly increased at 24 and 48 h post-CYP injection (⁄p< 0.05
or ⁄⁄⁄p< 0.001 versus CYP-inﬂamed animals with saline). For some
points, error bars (±SD) are not visible as there was no variation in
values between animals.
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??the abdominal MT at all time points tested (Fig. 8A). On the
right hindpaw, we only observed a signiﬁcant decrease of
the MT 24 h after CYP injection (Fig. 8B). Intrathecal
injection of both doses of k252a signiﬁcantly increased
the MT in the hindpaw (Fig. 8B).
BDNF sequestration with TrkB-Ig2 also produced
beneﬁcial eﬀects. Indeed, a signiﬁcant improvement was
found both in the abdominal and hindpaw MT following
intrathecal injection of the BDNF sequestrant at all time
points of inﬂammation (Fig. 9A, B). However, despite
the eﬀects on bladder reﬂex activity, it should be noted
that treatment with 10 lg of TrkB-Ig2 in awake animals
produced signiﬁcant side-eﬀects, such as the loss of
equilibrium. Thus, behavioural assessment was only
performed in two animals, after which they were
immediately euthanized. No more experiments were
conducted using this dose.
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Fig. 9. (A, B) Mechanical thresholds (MTs) of the lower abdomen
and right hindpaw of CYP-inﬂamed animals intrathecally injected at 4,
24 and 48 h post-CYP injection, with saline and TrkB-Ig2 (1 and
10 lg). Saline or TrkB-Ig2 was administered via the intrathecal
catheter every 30 min during cystometry, and 15 min prior to the
determination of the MT with the von Frey monoﬁlaments. In the
lower abdomen (A), the MT of CYP-inﬂamed animals receiving saline
was signiﬁcantly reduced throughout the experiment (⁄p< 0.05
versus before CYP injection). The abdominal MT of CYP-inﬂamed
animals treated with 1 lg of TrkB-Ig2 was signiﬁcantly improved at 4
and 24 h post-CYP-injection (⁄⁄⁄p< 0.001 versus CYP-inﬂamed
animals treated with saline). However, the MT of inﬂamed animals
treated with 10 lg of TrkB-Ig2 (n= 2) was only improved at 4 h post-
CYP injection. In the right hindpaw (B), the MT was signiﬁcantly
improved in CYP-inﬂamed animals receiving 1 and 10 lg of TrkB-Ig2
(⁄⁄⁄p< 0.001 versus CYP-injected animals treated with saline). For
some points, error bars (±SD) are not visible as there was no
variation in values between animals. In addition error bars cannot be
given for animals receiving 10 lg of TrkB-Ig2 as n= 2.
B. Frias et al. / Neuroscience 234 (2013) 88–102 97
????? ????????????????????????????????????????????????????????????????Spinal cord ERK activation after intrathecal injection of
saline, k252a and TrkB-Ig2 in CYP-inﬂamed rats. Immu-
nostaining of L5/L6 spinal cord sections of CYP-
inﬂamed animals treated with saline revealed the
presence of phosphoERK-positive cells, distributed
bilaterally on the superﬁcial laminae I and II of the DHs,
on the DCM and on the ILGs. The number of positive
cells observed in the DHs of CYP-inﬂamed rats
receiving saline was 24.70 ± 8.9 (Figs. 10A and 11A).
Intrathecal administration of 2 and 6 lg k252a resulted
in a decrease to 12.10 ± 4.0 and 7.70 ± 3.6 (p< 0.05
versus CYP-inﬂamed animals treated with saline;
Figs. 10B, C and 11A). Likewise, intrathecal injection of
1 lg of TrkB-Ig2 signiﬁcantly reduced the number of
phosphoERK cells to 8.60 ± 1.7 (p< 0.05 versus CYP-
inﬂamed animals treated with saline; Figs. 10D and 11A).
In the DCM, the number of phosphoERK-IR cells in
spinal sections from CYP-inﬂamed animals treated with
saline was 15.20 ± 0.6 (Figs. 10A and 11B). Following
the administration of k252a, the number of positive cells??was 12.3 ± 6.2 and 6.40 ± 3.4 after intrathecal
injection of, respectively, 2 and 6 lg of the compound
(p< 0.05 versus CYP-inﬂamed animals treated with
saline; Figs. 10B and 11B). After intrathecal
administration of 1 lg of TrkB-Ig2 the number of IR cells
was 8.40 ± 3.1 (p< 0.05 versus CYP-inﬂamed animals
treated with saline; Figs. 10D and 11B).
In spinal sections of CYP-inﬂamed rats receiving
intrathecal saline, the number of phosphoERK-IR cells
observed in the ILGs was 9.30 ± 1.0 (Figs. 10A and
11C). In spinal sections from animals receiving k252a,
the number of positive cells was 12.40 ± 3.6 in rats
receiving 2 lg and 4.70 ± 3.3 after 6 lg of the drug
(p< 0.05 versus CYP-inﬂamed animals treated with
saline; Figs. 10B, C, and 11C). In rats receiving 1 lg of
TrkB-Ig2 the number of phosphoERK-IR cells was
6.20 ± 0.5(p< 0.05 versus CYP-inﬂamed animals
treated with saline; Figs. 10D and 11).
BDNF expression at the spinal cord. BDNF was
expressed throughout the spinal cord, particularly in the
DH (Fig. 12A and B). We found IR cell bodies in all
layers of the cord. In the superﬁcial layers of the cord
there was also intense immunostaining, most likely
reﬂecting the presence of BDNF in the spinal processes
of primary aﬀerents. We found that administration of
1 lg of TrkB-Ig2 resulted in a signiﬁcant reduction in
spinal BDNF expression (p< 0.05 versus CYP-inﬂamed
animals, Fig. 12C).
DISCUSSION
In an eﬀort to better understand the role of central eﬀects
of BDNF in interstitial cystitis, the present study examined
the eﬀects of acute and chronic intrathecal administration
of BDNF to non-inﬂamed rats on bladder function, and
BDNF sequestration during CYP-induced bladder
inﬂammation. As in other studies (Pinto et al., 2010),
CYP administration induced a pronounced inﬂammation
of the bladder, conﬁrmed by histological analysis of
bladder tissue. The results presented here show an
increase of urinary frequency immediately after acute
intrathecal administration of BDNF, as well as
behavioural signs of pain. In addition, animals with
chronic cystitis showed a reduction in bladder
hyperactivity and referred pain following Trk blockade
with k252a or BDNF sequestration with TrkB-Ig2,
indicating that this NTs participates in referred pain and
bladder hyperactivity in chronic conditions. Surprisingly,
following chronic administration of BDNF only allodynia
was observed and bladder hyperactivity, observed after
acute BDNF administration, was not present.
The eﬀects of acute intrathecal BDNF administration
on bladder function and cutaneous sensitivity were
observed shortly after injection. The reason for the rapid
eﬀect of intrathecal BDNF may be easily understood as
being due to the activation of TrkB receptors present in
dorsal horn neurons, postsynaptic to bladder aﬀerents.
Binding of BDNF to these receptors induces swift
downstream activation of intracellular signalling
pathways such as the ERK 1 and 2 cascade in spinal
neurons postsynaptic to primary aﬀerents (Lever et al.,
Fig. 10. (A-D) Representative photomicrographs of the total number of phosphoERK-IR cells in L5/L6 spinal cord sections from CYP-inﬂamed
animals after intrathecal injection of saline (A), 2 lg of k252a (B), 6 lg of k252a (C), and 1 lg of TrkB-Ig2 (D). Scale bars = 100 lm. Magniﬁed
images, scale bar = 20 lm. The phosphoERK immunoreactive cells were found in the laminae I and II of the dorsal horn (DH; left column), in the
dorsal commissure (DCM; central column) and in the intermediolateral grey matter (ILGs; right column). Trk blockade or NT sequestration resulted
in a signiﬁcant reduction in phosphoERK expression in the analysed areas of the cord. Boxes in images refer to higher power images of
phosphoERK-positive cells in the analysed areas of the cord.
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The importance of the neurtrophins NGF and BDNF in bladder dysfunction2003b; Slack et al., 2004, 2005), an essential mechanism
of spinal processing of peripheral noxious input (Ji et al.,
1999, 2009; Pezet et al., 2002c; Pezet and McMahon,912006; Zhao et al., 2006). Also, the activation of this
pathway has already been linked to bladder
hyperactivity and increased sensory barrage associated
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Fig. 11. (A–C) Histograms depicting the mean number (±SD) of
phosphoERK activation in dorsal horn (DH), dorsal commissure
(DCM) and intermediolateral grey matter (ILGs) in sections from L5/
L6 spinal cord. Intrathecal delivery of 6 lg of k252a and 1 lg of TrkB-
Ig2 resulted in signiﬁcant reduction of phosphoERK expression in the
DH, DCM and ILGs in spinal cells (⁄p< 0.05 versus CYP-inﬂamed
animal treated with saline).
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The importance of the neurtrophins NGF and BDNF in bladder dysfunctionwith chronic bladder inﬂammation (Cruz et al., 2005). In
that study, after bladder stimulation we observed a rapid
increase in the number of phosphoERK-positive dorsal
horn neurons located in the projection areas of bladder
aﬀerents (Cruz et al., 2005).
In the present study we observed that the acute
eﬀects of intrathecal BDNF were short-lived. Bladder
hyperactivity was observed in the 10-min period after
BDNF injection. Likewise, allodynia was only observed
in the 20-min time frame following intrathecal BDNF92administration, after which cutaneous sensitivity returned
to baseline values. This is in accordance with previous
studies which indicated that the activation of the
downstream ERK pathway by BDNF is short-lasting
(Pezet et al., 2002b; Lever et al., 2003b; Pezet and
McMahon, 2006; Zhao et al., 2006). We have previously
demonstrated that in spinal cord neurons, ERK
phosphorylation following bladder distension rapidly
disappeared 10 min after stimulation and was no longer
observed two hours after stimulus (Cruz et al., 2005). The
reason for the short duration of the eﬀect of acute BDNF
treatment may result from inactivation of the above-
mentioned signalling cascade, quickly achieved by
speciﬁc phosphatases (Muda et al., 1996). In addition,
cessation of BDNF signalling in spinal synapses is very
likely to be a rapid process, dependent on TrkB
internalization, simple diﬀusion of the NT or its
degradation by extracellular proteases (Pezet et al.,
2002c; Pezet and McMahon, 2006).
The results observed following acute intrathecal
administration of BDNF support the hypothesis that
bladder hyperactivity and referred pain in the lower
abdomen and hindpaw observed during CYP-induced
cystitis may depend on the excessive levels of spinal
BDNF. Accordingly, spinal blockade of TrkB receptors
with intrathecal k252a or BDNF sequestration with TrkB-
Ig2 resulted in a marked reduction in bladder hyperactivity
and referred pain. Likewise, in rats with colonic
inﬂammation, treatment with an anti-BDNF antibody
resulted in a decrease in abdominal pain threshold in
response to colonic distension (Delafoy et al., 2006). In
our CYP-inﬂamed rats, reduction of bladder hyperactivity
and referred pain levels, obtained with k252a or TrkB-Ig2
administration, was accompanied by reduced levels of
spinal expression of phosphoERK, indicating reduced
BDNF-dependent spinal cord activation. BDNF
immunostaining conﬁrmed the eﬀectiveness of the TrkB-
Ig2 scavenging treatment, as reduction of phosphoERK
expression was accompanied by a pronounced decrease
in spinal BDNF.
In agreement with the considerations above, chronic
BDNF induced referred pain, as indicated by signs of
allodynia in the lower abdomen and hindpaw. Allodynia
is a hallmark of chronic pain and reﬂects the occurrence
of central sensitization (Latremoliere and Woolf, 2009;
Woolf, 2011). Activation of spinal TrkB by BDNF is an
important event for central sensitization (Ren and
Dubner, 2007). In fact, binding of BDNF to TrkB induces
the phosphorylation of speciﬁc N-methyl-D-aspartate
(NMDA) subunits via ERK activation (Slack and
Thompson, 2002; Slack et al., 2004), an essential
mechanism of central sensitization related to chronic
somatic (Costigan and Woolf, 2000; Haddad, 2005) and
visceral pain (Tian et al., 2008).
Most unexpectedly, chronic BDNF did not produce
detectable changes in bladder reﬂex activity. This was a
systematic ﬁnding, observed in all animals receiving
chronic intrathecal BDNF. A clear explanation can only
be speculated upon. One could hypothesize that
exogenous BDNF, being a recombinant protein, is
metabolized more rapidly than its endogenous
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Fig. 12. (A, B) Photomicrographs depicting BDNF expression in the L6 spinal cord segment of CYP-inﬂamed animals and CYP-inﬂamed animals
treated with TrkB-Ig2. Scale bar = 20 lm. In the spinal cord, BDNF expression was present in cell bodies throughout the dorsal horn.
Immunoreaction was more intense in laminae I and II, reﬂecting the presence of primary aﬀerents containing BDNF. (C) Graph of bars showing the
mean intensity of BDNF expression in the L6 spinal cord segment. BDNF expression was signiﬁcantly reduced throughout the cord after intrathecal
administration of TrkB-Ig2 (
⁄p< 0.05 versus CYP-inﬂamed animals treated with saline).
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The importance of the neurtrophins NGF and BDNF in bladder dysfunctioncounterpart. However, this explanation is diﬃcult to
support by the signs of referred pain, which were similar
in rats after chronic BDNF administration or with chronic
cystitis which is accompanied by high BDNF levels
(Vizzard, 2000). An important aspect to consider is that in
the group of rats receiving chronic BDNF treatment the
peripheral inﬂammatory component was absent. This
could be essential for the establishment of bladder
hyperactivity, indicating a strong dependence on
peripheral mechanisms. In addition, one can hypothesize
that chronic exposure to BDNF may have enhanced
spinal GABAergic interneurons that express TrkB (Pezet
et al., 2002a; Lever et al., 2003a; Bardoni et al., 2007).
Bladder function is regulated by, and sensitive to, pontine
projections that contact with GABAergic spinal neurons
(Blok et al., 1997). In fact, potentiation of GABAergic
neurotransmission at the spinal cord level is currently
viewed as a potential therapeutic solution for neurogenic
detrusor overactivity (Miyazato et al., 2008, 2009).CONCLUSION
The present study highlights the distinctive contribution of
BDNF to referred pain and bladder hyperactivity
accompanying cystitis. Our experiments with k252a and
TrkB-Ig2, the recombinant BDNF scavenger, suggest
that treatment of chronic cystitis could at some point
include the modulation of BDNF. Signiﬁcantly, together
with a previous study from our group (Pinto et al.,
2010), the present results support a novel role for BDNF
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difficult  to  perform  in  male  rats,  female  animals 
were  preferred  to  conduct  the  present  study.  In 
one group of SCI animals, the subcutaneous end of 
the  catheter  was  externalized  four  weeks  after 
surgery.  Animals  received  sequential  intrathecal 
injections of  sterile  saline or  TrkB‐Ig2  (1µg,  10 µg 
and 20 µg  in a volume of 25 µl) every 30 minutes 
while bladder  reflex activity was being  registered. 
Injection of TrkB‐Ig2 was followed by a flush of the 
same  volume  of  saline  to  assure  that  all 
recombinant  protein  was  injected  into  the 
subarachnoid space. 
In  three  groups of  SCI  animals,  the  intrathecal 
catheter was connected  to an osmotic mini‐pump 
for  continuous  delivery  of  sterile  saline,  TrkB‐Ig2 
(20 µg/day) or BDNF  (1.5 µg/day)  for  seven days, 
according  to  previous  studies  (Frias  et  al.,  2013). 
On  the  seventh  day,  bladder  reflex  activity  was 
evaluated by cystometry.  In three other groups of 
SCI  rats,  as  above,  the  silicone  catheter  was 
connected  to  an  osmotic  mini‐pump  for 
continuous delivery of sterile saline, BDNF (0.7 µg/
day and 2.1 µg/day)  for a period of 28 days. The 
smallest dose was chosen as potentially producing 
effects  on  bladder  function  without  cutaneous 
pain  (Frias et al., 2013) whereas  the highest dose 
was  based  on  the  effects  observed  with  0.7  µg/
day. 
For cystometry, bladders were exposed through 
a  low  abdominal midline  incision  and  a  21‐gauge 
needle  was  inserted  into  the  bladder  dome  for 
saline  infusion.  Animals  were  left  untouched  for 
fifteen  to  thirty  minutes  to  allow  bladder 
stabilization. Body temperature was maintained at 
36‐37 ºC with a heating pad. The urethra remained 
unobstructed  throughout  the  experiment  so  that 
infused  saline could easily be expelled by bladder 
contractions.  After  bladder  stabilization,  saline 
infusion  was  initiated  and  bladder  reflex  activity 
was recorded for approximately 30 minutes. Saline 
was  infused  through  the  dome  needle  at  a 
constant  rate  of  6  mL/h  whilst  bladder 
contractions  were  registered  by  a  pressure 
transducer  (WPI  Instruments)  connected  to  a 
computer.  
At  the  end  of  the  experiments,  animals  were 
perfused and the position of the catheter verified. 
The cystometrograms obtained were analysed. The 
frequency,  peak  pressure,  area  under  the  curve 
(AUC) and amplitude of bladder contractions were 
determined  in  the  different  phases  of  the 
experiment. 
Perfusion and immunohistochemistry 
After cystometry, animals were perfused through 
the ascending aorta with  cold oxygenated calcium‐
free Tyrode’s solution (0.12 M NaCl, 5.4 mM KCl, 1.6 
mM,  MgCl2
.6H2O,  0.4  mM  MgSO4
.7H2O,  1.2  mM 
NaH2PO4.H2O, 5.5 mM glucose, 26.2 mM NaHCO3), 
followed by 4 % paraformaldehyde.  The dissection 
of  the  perfused  nervous  tissue  allowed  the 
confirmation  of  the  position  of  the  intrathecal 
catheter.  Only  animals  in  which  the  catheter  was 
correctly  placed  were  considered  for  further 
analysis.  The  spinal  cord  segments  L5‐L6  were 
collected, post‐fixed  for  4 h  and  cryoprotected  for 
24 h in 30 % sucrose with 0.1 % sodium azide in 0.1 
M phosphate buffer. Transverse 40‐µm  sections of 
the  collected  spinal  cord  segments  were  cut  in  a 
freezing  microtome  and  stored  in  cryoprotective 
solution at ‐20 ºC until all tissue was collected.  
The  expression  of  GAP‐43  and  phosphoJNK  was 
tested using the ABC method. Briefly, sections were 
thoroughly  washed  in  PBS.  After  inhibition  of 
endogenous peroxidase activity and further washes 
in PBS  and PBST,  sections were  incubated  in 10 % 
normal swine serum  in PBST for 2 h. Sections were 
then  incubated  for  48  h  at  4  ºC  with  a  specific 
antibody  against  GAP‐43  (1:5000)  or  against 
phosphoJNK  (1:500).  Subsequently,  sections  were 
washed  in  PBST  and  incubated  for  1  hour  with 
polyclonal  swine  anti‐rabbit  biotin  conjugated 
antibody   (1:200).   In   order   to   visualize   the 
immunoreactions,  the   ABC  conjugated  with 
peroxidase  (1:200)  method  was  used  with  3,  3‐
diaminobenzidine‐tetrahydrochloride as chromogen 
(DAB;  5  minutes  in  0.05  M  Tris  buffer,  pH  7.4 
containing  0.05  %  DAB  and  0.003  %  hydrogen 
peroxide).  Sections  were  mounted  on  gelatine‐
coated  slices  and  air‐dried  for  12  h,  cleared  in 
xylene, mounted with Eukitt mounting medium and 
cover‐slipped.Alternate spinal sections were used to 
determine  the  colocalization  between  GAP‐43  and 
CGRP. For this, sections were thoroughly washed  in 
PBS  and  PBST,  followed  by  a  2  hour‐incubation  in 
10%  normal  horse  serum  in  PBST.  Sections  were 
then  incubated with anti‐GAP‐43 (1:5000) and anti‐
CGRP  (1:8000)  for  48  hours.  Afterwards,  sections 
were washed in PBST and incubated in fluorescently
‐labelled  anti‐mouse  (1:1000)  and  anti‐rabbit 
(1:1000)  for  1  hour.  Sections  were  then  washed, 
mounted  in  Prolong  Gold©  mounting  medium 
(Molecular  Probes©,  USA)  and  observed  in  a  Z4 
AxioImager Zeiss© microscope.  
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In  vitro  studies:  Dorsal  Root  Ganglia  (DRG)  cell 
culture and immunocytochemistry 
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Quantification and Statistics 
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Results 
Bladder  function  and  spinal  BDNF  expression 
after SCI 
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BDNF  sequestration  in  rats  with  established 
NDO 
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Effect  of  BDNF  sequestration  during  spinal 
shock 
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Effect on bladder function of chronic intrathecal 
administration of BDNF to SCI rats  
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Figure 1. (A‐C) Representative cystometrograms of spinal intact and spinal cord injured (SCi) animals. ??? ?? ?????? ?????? ??? ???? ??? ??????? ?? 
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??????????  ??? ???? ????? ??? ??? ??? ????????? ??????? ??????????????  (D‐F) Photomicrographs depicting BDNF expression  in the L5‐L6 spinal 
cord segment of spinal intact, one week and four weeks SCI animals. Scale bar = 20 µm. ?? ??? ?????? ????? ???? ?????????? ??? ????? ????????? 
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Figure 2. (A) Representative cystometogram of 4 weeks SCI animals treated with acute intrathecal injection of saline and TrkB‐Ig2. ??????????? 
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????????? ??????? ?????????????? (B‐E) Graph of bars depicting the mean frequency (B), peak pressure (C) and amplitude (D) of bladder contrac‐
tions and area under the curve (AUC; E) of four weeks SCI animals treated with saline, 1 µg,  10 µg and 20 µg of TrkB‐Ig2. ??? ?????????? ?????‐
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GAP‐43 expression at the spinal cord 
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Figure 3. (A) Representative cystometrogram of 1 week SCI animals 
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????? ???????? ?? ??????? ?????????????? (B) Photomicrograph showing 
BDNF  expression  in  the  L5‐L6  spinal  cord  segment  of  1  week  SCI 
animals  treated  with  TrkB‐Ig2.  Scale  bar  =  20  µm.  ??????????? 
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In vitro assessment of intrinsic growth ability 
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Figure 4. (A‐C) Representative cystometrograms of 1 week and 4 weeks SCI animals treated with chronic BDNF (1.5 µg/day for 7 days, 0.7 µg/
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Photomicrographs showing BDNF expression  in the L5‐L6 spinal cord segment of 1 week and 4 weeks SCI animals treated with chronic BDNF 
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Mechanisms  of  axonal  sprouting:  involve‐
ment of JNK 
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Figure 5. (A‐D) Histograms showing the mean frequency, peak pressure and amplitude of bladder contractions and area under the curve (AUC) 
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Figure 6. (A‐F) Photomicrographs showing GAP‐43 expression in the L5‐L6 spinal cord segment of spinal intact (A), 1 week (B) and 4 weeks (C) 
SCT animals, 1 week SCT animals treated with chronic TrkB‐Ig2 and 4 weeks SCT animals treated with chronic saline (D) or BDNF (E; 0.7 µg/
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BDNF  is  involved  in  chronic  SCI‐induced 
bladder dysfunction 
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Role of BDNF during the period of spinal shock  
???? ??? ???????  ????????? ? ???? ?????  ?????? 
????  ???????????? ??????  ????  ????? ?????  ?????????? 
??????  ?  ?????  ???????  ??  ????????  ????????????? 
??????  ????  ???????  ???  ???  ????????  ???????????? 
????  ??????????????  ??  ????????????  ????  ???? 
????????????? ????? ??????? ??? ?????????? ?? ???? 
??  ??????  ??  ????????  ????  ?  ?? ????  ??????????  ??? 
????  ??????  ??  ????  ??  ??  ???  ??????  ???? 
????????????? ?? ????  ????????? ??? ???? ????? ?????? 
???? ??????? ??????? ??? ??? ??? ????? ?? ???? ?????  
????? ????????????????????????????????????????????????????????????????
???
Figure 7. (A‐E) Photomicrographs showing beta3‐tubulin expression of L5‐S1 DRGs neurons in culture. Scale bar=20 µm. Neurons from one 
week SCI animals (B) presented shorter neurites when compared to cell from spinal intact animals (A). In cells obtained from four weeks SCI 
animals (C) neurites were long and ramified. (D) Neurons from one week SCI animals treated with chronic TrkB‐Ig2 had long neurites, which 
were extremely ramified. Similar observations were found in DRG neurons from 4 week SCI rats receiving chronic BDNF (E). 
Figure 8. (A‐B) Graphs  indicating the correlation between the mean number of branches with the distance from the soma (µm). (A) One 
week SCI animals treated with TrkB‐Ig2 presented an higher number of branches  in short and  long distances from the soma (until 200 µm) 
when compared  to spinal  intact and one week SCI animals  (*p<0.05).  (B) Four weeks SCI animals  registered an  increase  in  the number of 
branches until 60 µm from the soma, when compared to spinal intact and four weeks SCI animals treated with BDNF. In contrast, four week 
SCI animals  treated with chronic BDNF presented a significant higher number of branches  from 110 µm  to 200 µm  (*p<0.05 versus spinal 
intact and four weeks SCI animals). 
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chronic TrkB‐Ig2  SCI 4 weeks 
SCI 4 weeks + 
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Mechanisms  modulating  BDNF  action  on 
bladder function 
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Figure 9.  (A‐E) Representative photomicrographs depicting  JNK expression  in L5‐L6 spinal cord segment of spinal  intact, one week and  four 
weeks SCI animals, one week SCI animals treated with chronic TrkB‐Ig2 and four weeks SCI animals treated with chronic BDNF. Scale bar = 100 
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 What ’ s known on the subject? and What does the study add? 
 The interaction between the TRPV1 and NGF systems has been addressed only in the 
context of acute somatic pain. The present study expands this view and indicates that 
this interaction remains operative and is important as a mechanism for chronic visceral 
pain and dysfunction. Moreover, it further stresses the need to develop more specifi c 
and effective TRPV1 antagonists for clinical use. 
 OBJECTIVES 
 •  To explore the role of transient 
receptor potential vanilloid 1 (TRPV1) 
in the excitatory effects of chronic 
administration of nerve growth factor 
(NGF) on bladder-generated sensory input 
and refl ex activity. 
 •  To explore new therapeutic targets for 
bladder dysfunction. 
 MATERIALS AND METHODS 
 •  Wild-type (WT) and TRPV1 knockout (KO) 
mice received daily intraperitoneal 
injections of NGF (1  μ g/10  g) or saline for 
a period of 4 days, during which time 
thermal sensitivity was evaluated daily. On 
the 5th day, mice were anaesthetized and 
cystometries were performed. The 
frequency, amplitude and area under the 
curve (AUC) of bladder refl ex contractions 
were determined. 
 •  c-Fos expression was evaluated on L6 
spinal cord sections of WT and TRPV1 KO 
mice treated with saline or chronic NGF by 
immunohistochemistry. 
 •  TrkA receptor staining intensity was 
determined in L6 spinal cord sections and 
respective dorsal root ganglia of WT and 
TRPV1 KO mice. 
 RESULTS 
 •  Repeated administration of NGF induced 
thermal hypersensitivity in WT but not in 
TRPV1 KO mice. 
 •  The frequency of bladder contractions of 
saline-treated WT and TRPV1 KO mice was 
similar, the values respectively being 0.45  ± 
0.12/min and 0.46  ± 0.16/min. Treatment 
with NGF enhanced bladder refl ex activity 
in WT mice to 1.23  ± 0.41/min ( P  < 0.05). 
In NGF-treated KO mice, the frequency of 
bladder contractions was 0.60  ± 0.05/min. 
Irrespective of treatment, no differences 
were observed in the amplitude of bladder 
contractions of WT and TRPV1 KO mice. 
The AUC was signifi cantly increased in 
NGF-treated WT-mice, when compared 
with saline-treated WT-mice. No changes 
were found in AUC of saline-treated and 
NGF-treated TRPV1 KO mice. 
 •  Chronic administration of NGF resulted 
in a signifi cant increase of spinal c-Fos 
expression in WT mice ( P  < 0.05 vs KO 
animals), but not in TRPV1 KO animals. 
 •  TrkA expression was similar in WT and 
TRPV1 KO mice. 
 CONCLUSIONS 
 •  NGF-induced bladder overactivity and 
noxious input depend on the interaction of 
NGF with TRPV1. 
 •  The lack of bladder overactivity in TRPV1 
KO mice treated with NGF does not 
represent loss of TrkA expression. 
 •  TRPV1 is essential for NGF-driven 
bladder dysfunction and represents a 
bottleneck target in bladder pathologies 
associated with NGF up-regulation. 
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 INTRODUCTION 
 Transient receptor potential vanilloid (TRPV1) 
is a transmembrane ion channel. It is not 
essential for physiological bladder function 
in healthy animals as TRPV1 knockout (KO) 
mice exhibit normal or near-normal bladder 
activity  [ 1 ] . In contrast, TRPV1 is essential 
for detrusor overactivity and increased 
voiding frequency accompanying acute and 
chronic cystitis in rodents  [ 1 ] . In overactive 
bladder syndrome and interstitial 
cystitis/bladder pain syndrome TRPV1 
overexpression has been described in the 
bladder wall, both in urothelial cells and in 
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suburothelial nerve fi bres  [ 2,3 ] . The 
expression of neuronal TRPV1 correlates 
with the intensity of bladder pain  [ 2 ] 
whereas the intensity of TRPV1 in the 
urothelium of patients with sensory urgency 
inversely correlates with the volume of urine 
associated with the fi rst desire to void  [ 4 ] . 
 Nerve growth factor (NGF) is a tissue-
derived neurotrophin essential for the 
survival and differentiation of sensory 
neurons  [ 5 ] , which acts through the tyrosine 
kinase receptor TrkA  [ 6 ] . It is acutely 
released after an infl ammatory insult and 
signifi cantly contributes to the swift 
modifi cation of the pain threshold and 
visceral activity  [ 7 ] . NGF has also been 
considered to be suffi cient to elicit 
cutaneous hyperalgesia  [ 8 ] . Exogenous 
administration of NGF induces detrusor 
overactivity in naive rats  [ 9,10 ] , as well as 
up-regulating the expression of spinal c-Fos 
and the fi ring of bladder nociceptive fi bres 
 [ 9,11 ] , in agreement with the strong 
expression of TrkA receptors by bladder 
sensory afferents  [ 6 ] . 
 The identifi cation of downstream effectors 
of NGF-induced effects has only recently 
become a focus of systematic research. In 
this context, TRPV1 was found to be 
essential for the development of thermal 
hyperalgesia after acute administration of 
NGF  [ 12 ] . In mice that received intraplantar 
NGF, the latency of paw withdrawal to a 
noxious thermal stimulus, an indication of 
thermal hyperalgesia, was substantially 
decreased in wild-type (WT) mice but not in 
TRPV1 KO mice  [ 12 ] . In this study we 
evaluated if the interplay between NGF and 
TRPV1, important for somatic pain, is also 
present in NGF-mediated bladder 
overactivity and noxious input. 
 MATERIALS AND METHODS 
 TRPV1 KO female mice from The Jackson 
Laboratory (Bar Harbor, ME, USA) and WT 
female mice belonging to the same strain 
(C57BL/6;  n  = 6/group) from the Instituto de 
Biologia Molecular e Celular colony (Porto, 
Portugal) with an average weight of 25  g 
were used. Animals were maintained in the 
animal house at 22  ° C and 60% humidity 
under a 12-h light/dark cycle. All 
experiments were carried out according to 
the European Commission Directive of 22 
September 2010 (2010/63/EU) and the 
ethical guidelines for investigation of 
experimental pain in animals  [ 13 ] . All efforts 
were made to reduce the number of animals 
used. 
 The NGF was purchased from Promega 
(Madison, WI, USA). The antibody against 
TrkA receptor, made in rabbit, was purchased 
from Millipore, Watford, UK. The antibody 
against c-Fos, made in rabbit, came from 
Millipore, Watford, UK. Biotin-conjugated 
swine anti-rabbit antibody came from 
Dakopatts A/5 (Copenhagen, Denmark). The 
ABC Vectastain Elite kit (ABC, avidin – biotin 
complex) and the conjugate horseradish 
peroxidase were purchased from Vector 
Laboratories (Peterborough, UK). Antibodies 
and the ABC complex were prepared in PBS 
0.1  M containing 0.3% Triton X-100 (PBST). 
For cystometry and terminal handling, mice 
received a subcutaneous bolus of urethane 
(1.2  g/kg) as anaesthetic. 
 The NGF was given as a daily intraperitoneal 
injection (1  μ g/10  g) for 4 days. The dose of 
NGF was chosen according to previous 
studies  [ 14 ] . Sterile saline was given as a 
control. In addition, because NGF is known 
to induce thermal hyperalgesia in WT 
animals  [ 12 ] , the effects of repeated NGF 
administration on thermal sensitivity were 
evaluated daily (see below) to assure the 
biological action of NGF. On day 5, mice 
were anaesthetized and cystometry was 
performed, after which animals were 
perfusion-fi xed and the L6 spinal cord 
segment was collected for c-Fos assessment. 
 The hot-plate test was used to measure the 
response latencies to thermal noxious 
stimuli. Hence, NGF-injected TRPV1 KO and 
WT mice were placed in individual chambers 
(10  × 20  × 14  cm) and allowed to acclimate 
for 5  min. Latencies were determined before 
and 4  h after each NGF injection. For that, 
animals were placed on the hot-plate 
apparatus (Series 8, model PE34, IITC Life 
Sciences, Woodland Hills, CA, USA). The 
platform was maintained at 35.0  ± 0.1  ° C 
and temperature was increased up to 
52.5  ° C. The time spent between placement 
of the animal on the platform and positive 
behavioural responses (jumping on the 
platform and/or licking of the hindpaws) 
was registered as the response latency. 
 To assess bladder function, cystometry was 
performed in TRPV1 KO and WT mice treated 
with saline or NGF on day 5 ( n  = 6). 
Anaesthesia was induced by a subcutaneous 
injection of urethane and body temperature 
was maintained at 37  ° C with a heating 
pad. The urinary bladder was exposed 
through an incision in the lower abdomen. 
A 25-gauge needle was inserted in the 
bladder dome and the urethra remained 
unobstructed throughout the recording 
period while saline was infused at a 
constant rate (1.6  mL/h). The frequency, 
amplitude of bladder contractions and area 
under the curve (AUC) were then measured 
for a period of 90  min. In all experiments, 
recordings were made after a 30-min 
stabilization period. 
 After cystometry, animals were perfused 
through the ascending aorta with cold 
oxygenated calcium-free Tyrode ’ s solution 
(0.12  M NaCl, 5.4  m M KCl, 1.6  m M 
MgCl 2 .6H 2 O, 0.4  m M MgSO 4 .7H 2 O, 1.2  m M 
NaH 2 PO 4 .H 2 O, 5.5  m M glucose, 26.2  m M 
NaHCO 3 ), followed by cold 4% 
paraformaldehyde. The L6 spinal cord 
segments were post-fi xed for 4  h in the 
same fi xative solution and cryoprotected for 
24  h in 30% sucrose with 0.1% sodium 
azide in 0.1  M phosphate buffer. Transverse 
20- μ m sections from the spinal cord were 
cut in the freezing microtome and stored in 
cryoprotective solution at  − 20  ° C until 
further processing. When all material was 
collected and cut, every second spinal 
section from each animal was thawed and 
immunoreacted against c-Fos to evaluate 
the expression of c-Fos. Briefl y, after 
inhibition of endogenous peroxidase activity 
and thorough washes in PBS and PBST, 
sections were incubated in 10% normal 
swine serum in PBST for 2  h. Sections were 
then incubated for 48  h at 4  ° C with a 
specifi c antibody against c-Fos (1:10  000). 
Subsequently, sections were washed and 
incubated with polyclonal swine anti-rabbit 
biotin-conjugated antibody (1:200). To 
visualize the immunoreaction, the ABC 
conjugated with peroxidase (1:200) method 
was used with 3,3 ′ -diaminobenzidine 
tetrahydrochloride as chromogen (DAB; 
5  min in 0.05  M Tris – HCl buffer, pH 7.4 
containing 0.05% DAB and 0.003% 
hydrogen peroxide). Sections were mounted 
on gelatine-coated slides and air-dried for 
12  h, cleared in xylene, mounted with  Eukitt 
mounting medium and cover-slipped. 
 For analysis of TrkA expression the WT and 
TRPV1 KO mice ( n  = 4 per group) were 
perfusion-fi xed with calcium-free Tyrode ’ s 
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solution followed by 4% paraformaldehyde. 
The L6 spinal cord segment and respective 
dorsal root ganglion (DRG) were collected. 
Transverse 20- μ m sections of spinal cord 
sections were cut in the freezing microtome 
and stored in cryoprotective solution at 
 − 20  ° C. Longitudinal 12- μ m sections of L6 
DRG were cut in the cryostat and stored at 
 − 20  ° C. When all material was collected, 
sections were removed from the freezer and 
processed for TrkA immunoreaction, as 
described above for c-Fos expression. The 
antibody against TrkA was used at 1:1000 
dilution. 
 Cystometrograms were evaluated using 
D ATA T RAX software (Vs. 1.804; World 
Precision Instruments, Sarasota, FL, USA). 
The frequencies, amplitudes of bladder 
contractions and AUC were analysed using 
Kruskal – Wallis one-way repeated measures 
 ANOVA . Data are presented as mean value  ± 
 SD and  P  < 0.05 was considered signifi cant. 
Statistical analysis was performed with 
S IGMA S TAT 3.5 software. 
 The number of c-Fos immunoreactive nuclei 
was counted in 10 non-consecutive sections 
from each animal and averaged. Statistical 
analysis was performed using  ANOVA 
followed by the Student – Newman – Keuls 
post-hoc test, using the S IGMA S TAT 3.5 
software. 
 Quantifi cation of the TrkA staining intensity 
was done with F IJI software (based on 
I MAGE J,  http://rsb.info.nih.gov/ij Java 
1.6.0 _ 20, 32 bit). The intensity of staining 
was averaged from sections per animal 
(DRG and spinal cord) and a reference 
intensity of unstained tissue was also 
measured by a fourth box on all sections. 
Background intensity was deducted from 
the average intensity to calculate the mean 
net staining intensity. The intensity of TrkA 
staining in WT mice treated with saline was 
used as control. Data were analysed by 
one-way  ANOVA followed by the Student –
 Newman – Keuls post-hoc test. The data are 
presented as mean value  ±  SD and  P  < 0.05 
was considered signifi cant. Statistical 
analysis was carried out using the G RAPH P AD 
P RISM software. 
 RESULTS 
 Daily intraperitoneal NGF injections 
signifi cantly reduced thermal latency in the 
hot-plate test in WT mice from the day 2 
onwards ( Fig.  1 ). The baseline temperature at 
which WT animals presented nocifensive 
behaviour (jumping on the platform and/or 
licking of the hindpaws) was 45.9  ± 0.9  ° C 
and was not changed by saline treatment 
( Fig.  1 ). In contrast, in WT animals the 
thermal latencies after each NGF injection 
were signifi cantly decreased to 45.6  ± 
0.7  ° C, 43.9  ± 1.1  ° C, 44.8  ± 0.6  ° C and 44.9 
 ± 0.4  ° C, respectively at days 1, 2, 3 and 4, 
respectively ( P  < 0.001 vs TRPV1 KO mice at 
all time points;  Fig.  1 ). In TRPV1 KO mice the 
baseline latency was 46.4  ± 0.6  ° C and was 
not changed after intraperitoneal saline 
injections. The temperatures registered in 
KO mice receiving NGF were 45.5  ± 1.1  ° C, 
46.6  ± 0.9  ° C, 46.8  ± 0.9  ° C and 47.1  ± 
1.3  ° C at days 1, 2, 3 and 4, respectively 
( Fig.  1 ), and were not different from baseline 
values. 
 In cystometrograms obtained from 
saline-treated TRPV1 KO mice, we observed 
non-voiding small amplitude oscillations 
that preceded voiding contractions ( Fig.  2C ). 
These were absent in recordings from 
saline-treated WT animals ( Fig.  2A ) and were 
refl ected in a marginally higher AUC in KO 
mice ( Fig.  3C ), although the difference did 
not reach signifi cance. The frequency of 
voiding contractions of WT and TRPV1 KO 
mice receiving saline was similar, the values 
respectively being 0.5  ± 0.1 and 0.5  ± 0.2 
 FIG.  1.  Thermal hyperalgesia of wild-type (WT) and 
transient receptor potential vanilloid 1 (TRPV1) 
knockout (KO) mice. TRPV1 KO mice treated with 
nerve growth factor (NGF;  & U25CF;) or saline (  ) 
did not present any differences on the response 
latencies during the 4 days of experiment. WT mice 
receiving saline (  ) presented similar values 
throughout the experiment, however, WT mice 
intraperitoneally injected with NGF (  ) showed a 
signifi cant decrease ( * * * P  <  0 .001) on the response 
latency, compared with TRPV1 KO mice treated 
with NGF. 
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per minute ( Figs  2A,C,3A ). No differences 
were found in the AUC between the two 
groups ( Fig.  3C ). Treatment with NGF 
signifi cantly increased the frequency of 
voiding contractions in WT mice to 1.2  ± 0.4 
per minute ( P  < 0.05 vs saline treatment; 
 Figs  2B,3A ). In NGF-treated KO mice, the 
frequency of voiding contractions was 0.5  ± 
0.1 per minute ( Figs  2D,3A ). The amplitude 
of voiding contractions of WT and TRPV1 KO 
mice treated with saline were 27.0  ± 5.1 
cmH 2 O and 23.4  ± 4.2 cmH 2 O, respectively 
( Fig.  3B ). Repeated NGF administration 
both in WT and TRPV1 KO mice did not 
alter the amplitude of voiding contractions, 
the values being 23.5  ± 4.8 cmH 2 O and 
22.8  ± 2.3 cmH 2 O, respectively ( Fig.  3B ). 
Prolonged NGF treatment also resulted in 
an increase of the AUC, both in WT mice 
( P  < 0.05 vs saline treatment) and KO mice 
( Fig.  3C ). 
 We also found signifi cant expression of the 
surrogate marker of noxious sensory input 
c-Fos in neuronal nuclei in L6 spinal 
sections. The number of immunoreactive 
cells was very low in control WT and TRPV1 
KO mice (13.4  ± 1.4 and 18.4  ± 4.0;  Fig.  4 ). 
Treatment with NGF signifi cantly increased 
the number of positive nuclei in WT animals 
(34.6  ± 0.5;  P  < 0.05 vs saline-treated WT 
mice;  Fig.  3 ) but not in TRPV1 KO mice (23.3 
 ± 7.3;  Fig.  4 ). 
 Expression of TrkA in the L6 segment of the 
spinal cord and respective DRG was assessed 
by immunohistochemistry. TrkA staining 
intensity was similar between WT and TRPV1 
KO mice both in the L6 spinal cord segment 
( Fig.  5A,C,E ) and DRG ( Fig.  5B,D,F ). This 
confi rmed that expression of the high-
affi nity NGF receptor TrkA was identical in 
WT and TRPV1 KO mice. 
 DISCUSSION 
 Classically, the NGF and TRPV1 systems are 
seen as key players in nociception and 
visceral sensitization under infl ammatory 
circumstances but have largely been 
regarded as parallel rather than linked 
pathways. However, a role of TRPV1 in 
bladder overactivity and noxious input 
associated with increased exposure to 
exogenous NGF was found here. In fact, 
TRPV1 KO mice, in contrast to WT mice, did 
not develop thermal hypersensitivity, 
signifi cant signs of altered bladder function 
or spinal cord c-Fos overexpression after 
prolonged administration of NGF. Of note, 
this was not the result of altered expression 
of NGF high-affi nity TrkA receptors, which 
we showed to be similarly expressed in WT 
and KO mice. Hence, NGF-induced bladder 
overactivity and increased noxious input 
depend on the interaction of NGF with 
TRPV1. This indicates that the NGF/TRPV1 
interaction, shown after acute NGF 
administration in somatic tissues  [ 12 ] , also 
stands after prolonged NGF administration 
in a visceral model of bladder overactivity 
and pain. Of note, bladder changes induced 
by repeated NGF administration were 
accompanied by the development of thermal 
hyperalgesia, a novel fact described here. 
 Previous models of TRPV1 sensitization by 
G-protein-coupled receptor agonists, such 
as those for prostaglandins and bradykinin, 
have implied phosphatidyl-inositol-4,5-
bisphosphate (PIP 2 ) degradation and protein 
kinase C activation in TRPV1 regulation 
 [ 12,15 ] . PIP 2 is a molecule that maintains 
TRPV1 under tonic inhibition. Interestingly, 
PIP 2 cleavage can be enhanced by NGF. 
Activation of TrkA receptors by NGF may 
lead to phospholipase C. Moreover, binding 
of NGF to TrkA also leads to activation of 
the phosphatidylinositol-3-kinase and 
extracellular signal-regulated kinase 1 and 2 
pathways, which further results in 
facilitation of TRPV1 activity  [ 16,17 ] . 
Whereas these are believed to be short-term 
cellular responses induced by acute 
administration to NGF, our fi ndings suggest 
that they remain operative upon prolonged 
exposure to elevated NGF concentrations. 
 TRPV1 is unlikely to mediate all NGF 
responses and, similarly, NGF may not be the 
only pathway inducing TRPV1 sensitization 
 [ 16,18,19 ] . In fact, the lipidic infl ammatory 
mediators  N -arachidonoyl-ethanolamine, 
also known as anandamide,  N -arachidonoyl-
 FIG.  3.  A , Histogram showing the mean frequency of bladder voiding contractions of wild-type (WT) and 
transient receptor potential vanilloid 1 (TRPV1) knockout (KO) mice treated with saline or nerve growth 
factor (NGF). Mice were treated with intraperitoneal injections of saline or NGF during four experimental 
days. At day 5, animals were anaesthetized for cystometry. The frequency of bladder contractions was only 
signifi cantly increased in NGF-treated WT when compared with saline-treated WT mice ( * P  <  0 .05). No 
differences were found in the TRPV1 KO mice.  B , Histogram showing the mean amplitude of bladder 
voiding contractions of WT and TRPV1 knockout mice treated with saline or NGF. The amplitude of bladder 
refl ex contractions remained unchanged in WT and TRPV1 KO mice despite the treatment.  C , Histogram 
depicting the mean area under the curve (AUC) of bladder voiding contractions of WT and TRPV1 KO mice 
treated with saline or NGF. The AUC was increased in WT mice treated with NGF, when compared with 
saline-treated WT mice ( * P  <  0 .05). No changes were observed in the AUC of TRPV1 KO mice. 
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dopamine,  N -oleoyldopamine, eicosanoid 
acids and leukotrienes may also participate 
in TRPV1 sensitization  [ 20 ] . In addition, it 
should be recalled that a decrease in the 
infl amed tissue pH is known to reduce the 
heat threshold of TRPV1 from around 43  ° C 
down to physiological temperatures  [ 21 ] . 
Future studies may be relevant to elucidate 
a possible cumulative relation between lipid 
mediators, protons and NGF in the process 
of TRPV1 activation. 
 Another mechanism of TRPV1 sensitization 
comprises down-regulation on the 
expression of inhibitory TRPV1 splice 
variants. Using the cyclophosphamide model 
of bladder infl ammation, Charrua  et  al .  [ 22 ] 
showed that the expression of the dominant 
negative splice variant TRPV1b was 
decreased in sensory afferents innervating 
the bladder. Although tempting, it cannot be 
concluded that NGF regulates TRPV1 
alternative splicing. 
 There is still some debate regarding the role 
of TRPV1 for normal micturition. In the 
present study, we observed the presence of 
non-voiding oscillations of the bladder wall 
that preceded voiding bladder contractions. 
This is in agreement with observations made 
by other investigators  [ 23 ] , who also 
reported the presence of similar non-voiding 
contractions. However, it contrasts with 
previous results from our own group  [ 1 ] . 
This is probably the result of the use of a 
less sensitive pressure detector, which was 
not used in the present study. The true 
reasons can only be speculated but may be 
ascribed to compensatory responses of the 
bladder or the nervous system to the 
congenital absence of the TRPV1 receptor. It 
is possible that the natural presence of the 
receptor may dampen those non-voiding 
contractions by modulation of bladder 
sensory afferents, urothelial cells or detrusor 
muscle fi bres  [ 23 ] . Despite the presence of 
these non-voiding contractions, bladder 
function was normal as indicated by similar 
frequency of voiding bladder contractions 
and AUC. This indicates that TRPV1 should 
be seen as a receptor essential for bladder 
dysfunction mainly related with 
infl ammation and plays a modest role in 
normal bladder function  [ 1,24 ] . 
 Our fi ndings may have profound 
implications in re-directing therapeutic 
research. There are high expectations of 
the use of agents interfering with NGF 
signalling, namely the use of tanezumab, an 
anti-NGF monoclonal antibody that prevents 
this neurotrophin from binding to its 
cognate receptor TrkA. A recent phase 2 
study in patients with interstitial cystitis/
bladder pain syndrome showed that NGF 
sequestration improved bladder pain at a 
high toll of adverse events, which included 
vertigo, paraesthesia and hyperesthesia  [ 25 ] . 
In addition, in other trials with the same 
drug several subjects developed bone 
necrosis requiring total joint replacement 
 [ 26 ] . This led the Food and Drug 
Administration to suspend the clinical trials 
involving tanezumab. In this scenario, TRPV1 
antagonists appear as a much more 
attractive therapy. These drugs effectively 
improve bladder overactivity and noxious 
input associated with bladder infl ammation 
 [ 24,27,28 ] . Nevertheless, they still present 
some drawbacks, such as the risk of 
hyperthermia and increasing the extension 
 FIG.  5.  A – D , Photomicrographs of TrkA receptor expression in L6 segment of the spinal cord and respective 
dorsal root ganglion (DRG) of wild-type (WT) and transient receptor potential vanilloid 1 (TRPV1) knockout 
(KO) mice. In the spinal cord, TrkA receptor is present in laminae I and II in both WT ( A ) and TRPV1 KO ( C ) 
mice. In the DRG, TrkA receptor is expressed by small and medium-sized neurons of WT ( B ) and TRPV1 KO 
mice ( D ). Scale bar 50  μ m. ( E ) Graph bar depicting the mean intensity of TrkA receptor in the L6 spinal cord 
and respective DRG in WT and TRPV1 KO mice. TrkA receptor intensity was similar in WT and TRPV1 KO 
mice, both in spinal cord ( E ) and DRG ( F ). 
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of ischaemic tissue after coronary 
obliteration. 
 In conclusion, our results indicate that the 
interaction between NGF and TRPV1 is 
crucial for visceral overactivity and pain 
associated with prolonged exposure to NGF. 
TRPV1 therefore serves as an important 
bottleneck for chronic infl ammatory pain, as 
well as visceral pain and lower urinary tract 
symptoms, a major reason why patients 
seek medical help. In this context, the 
development of TRPV1 antagonists assumes 
a clear therapeutic interest. 
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1. BDNF role in bladder hyperactivity and referred pain during cystitis
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Chronic  administration  of  BDNF  to  intact  animals  resulted  in  allodynia  in  the  lower 
abdomen  and  hindpaw  (publication  III),  reflecting  the  occurrence  of  central  sensitization,  a 
mechanism associated with somatic and visceral pain (Miranda et al., 2007, Latremoliere and 
Woolf, 2009), known to depend on BDNF (Obata and Noguchi, 2006, Ren and Dubner, 2007, Li 
et al., 2008, Merighi et al., 2008). The role of BDNF in chronic visceral pain may be related with 
ERK‐dependent  changes  in  spinal  gene  expression.  Upon  activation  by  BDNF,  ERK  can 
translocate to the cell nucleus and induce the expression of pronociceptive genes such as the 
tachykinin  receptor  NK1  and  prodynorphin  (Ji  et  al.,  2002b).  In  addition,  ERK  may  also 
phosphorylate specific NMDA subunits (Slack and Thompson, 2002, Slack et al., 2004, Slack et 
al.,  2005)  and  the  Kv4.2  potassium  channel  (Hu  et  al.,  2006, Hu  and Gereau,  2011),  further 
facilitating  pain  processing  and  bladder  hyperactivity  (Cruz  et  al.,  2005a)  at  the  spinal  cord 
level.  
In  what  concerns  bladder  function,  chronic  BDNF  treatment  in  intact  animals  did  not 
change bladder  reflex activity  (publication  III). This was an unexpected  finding  since  chronic 
treatment with  BDNF  lead  to  allodynia.  A  possible  explanation may  reside  in  the  fact  that 
exogenous BDNF can facilitate the release of GABA through activation of TrkB receptor in the 
dorsal horn (Pezet et al., 2002a, Lever et al., 2003a). The enhancement of the spinal GABAergic 
system may  lead  to  the  inhibition of bladder sensory  input  transmission,  thereby preventing 
the  development  of  bladder  hyperactivity.  In  addition,  it  should  be  remembered  that  rats 
receiving chronic BDNF did not present bladder  inflammation. This may  indicate that bladder 
hyperactivity requires a peripheral inflammatory insult.  
Given the effects of BDNF on bladder function and cutaneous sensitivity of intact animals, 
the  role of BDNF  in  rats with CYP‐induced  cystitis was  investigated. BDNF was upregulated 
both in the spinal cord and urinary bladder of inflamed rats. This was accompanied by bladder 
hyperactivity  and  obvious  behavioral  signs  of  pain  (publications  II  and  III),  together  with 
prominent expression of c‐Fos and phosphorylated ERK, established spinal neuronal markers 
of noxious input (Coggeshall, 2005, Ji et al., 2009). Peripheral and central BDNF sequestration 
effectively improved bladder function and pain levels, further implying this NT in visceral pain 
and dysfunction. As following BDNF administration, the activation of the ERK pathway is also a 
key feature here as BDNF sequestration was accompanied by a down regulation in the number 
of spinal phosphoERK positive cells (publications II and III).  
In both studies, the same BDNF scavenger, the recombinant protein TrkB‐Ig2, was used. The 
amount necessary to reduce pain and bladder dysfunction was much smaller when given via 
intrathecal  injection  (publication  III).  In  addition,  neither  intrathecal  nor  intravenous  BDNF 
sequestration  reduced  inflammation  suggesting  that  BDNF  does  not  play  a  role  in  the 
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The  increase  in  BDNF  levels  and  the  emergence  of  NDO  suggested  a  causal  relation 
between the two. To clarify this, SCI rats were submitted to BDNF sequestration by TrkB‐Ig2. 
Treatment was  initiated  immediately  after  lesion.  Surprisingly,  BDNF  scavenging  resulted  in 
earlier NDO emergence and axonal sprouting of CGRP‐positive sensory afferents at the L5‐L6 
spinal  cord  segment.  This  suggests  that  BDNF  may  have  a  protective  role  by  delaying  the 
emergence  of  NDO  during  the  course  of  disease.  It  is  possible  that,  following  SCI,  the 
upregulation of spinal BDNF may serve to modulate axonal sprouting that occurs as a response 
to  the high  levels of NGF. Following SCI and during  the establishing of NDO, NGF  levels are 
upregulated  (Seki  et  al.,  2002)  and  produce  a  growth‐promoting  effect  on  CGRP‐positive 
sensory afferents (Krenz and Weaver, 1998, Weaver et al., 2001, Cameron et al., 2006). BDNF 
seems  to  exert  an  inhibitory  effect  on NGF‐induced  growth  of  sensory  neurons,  as  already 
demonstrated by other  investigators  (Kimpinski et al., 1997, Gavazzi et al., 1999, Soril et al., 
2008).  
To  confirm  the  protective  effects  of  BDNF  on  bladder  function  in  SCI  rats,  BDNF  was 
administered  to  these  animals  for  four  weeks.  Treatment  was  initiated  immediately  after 
lesion.  Improvement  of  bladder  reflex  activity,  restricted  to  a  reduction  in  the  intravesical 
pressure, was only  found  four weeks after  the beginning of  treatment with  the  lowest dose 
(publication  IV). This suggests  that BDNF  is not  the only  factor  involved  in NDO establishing. 
The  protective  effects  of  BDNF  may  be  related  with  changes  in  gamma‐aminobutyric  acid 
(GABA)‐dependent neurotransmission at the spinal cord level. This inhibitory neurotransmitter 
is an  important depressor of bladder  function  (Igawa et al., 1993, Miyazato et al., 2003).  In 
fact,  the expression of glutamic acid decarboxylase  (GAD),  the enzyme responsible  for GABA 
synthesis, is reduced in the spinal cord and lumbosacral dorsal root ganglia in SCI‐animals with 
bladder dysfunction  (Miyazato et al., 2008a, b). Both NDO and DSD were  reduced  following 
intrathecal injection of GABAA or GABAB receptor agonists and transgenic upregulation of GAD 
activity  (Miyazato et al., 2008a, b, Miyazato et al., 2009), further stressing the  importance of 
GABA  in modulation of bladder  function. As  the  release of GABA at  the  spinal  cord may be 
induced and potentiated by BDNF  (Pezet et al., 2002a, Bardoni et al., 2007, Carrasco et al., 
2007),  it  is  likely  that  chronic  administration  of  this  NT  may  have  modulated  the  spinal 
GABAergic system.  
Results obtained show that BDNF sequestration in animals with established NDO resulted 
in  improvement of bladder function, with a clear decrease  in the frequency and amplitude of 
bladder reflex contractions. Because spinal ERK activation is very high in rats with established 
NDO  and  its  inhibition  immediately  depresses  bladder  reflex  activity  (Cruz  et  al.,  2006), 
similarly to what was observed  in the present study,  it  is very  likely that the acute beneficial 
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